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COMPRESSION-IGNITION ENGINES

By A. M. ROTEEOCX

SUMMARY

Formulas are clerkedfor computing ihe imtantanews
pressures delkered by afuel pump. The$rsi detioation
emwiders ihe compressibility of the fuel and the secmzd,
the compressibility, elusthity, and inerh”a oj the fuel.
T7ie wcond derivation folliws that git’en by Sass; it is
shown to be the more accurate of the two. Additional
formulas are ~“renfor determining the remktance losses
in the injection tube. Experimental data are presented
in support of the analyses. The report is conoludedwz”th
an application of the theory to the.dem”gnof fuel pump
injeciion systems for which sample calculations we
included.

INTRODUCTION

‘iVlththe introduction of the high-speed oompression-
ignition engine, it hcame nmesssry to devise a method
for injecting minute quantities of Iiquid fuel inta the
combustion ohamber of the engine in extremely short
time int-ervsls. For slow-peed engines the meohani-
ody operated injection valve had proped itself to be
satisfactory. However, conMl@ the amount of fueI
injected by the lift of a ruechanioally operated injection
valve did not prove satisfactory for the higher speeds
and the sruder fuel quantities required for automotive
and aircraft engines, because of the Mliculty of keeping
the lift adjusted properIy whiIe in operation. Conse-
quently, investigations were made to determine the
possibility of accurately controlling the timing of
injection and the quanfii~ of fueI injeoted by means of
n displacement pump. R was found that such pumps
provided an accurate method of injecting the smalI fuel
quantities required.

The use of direct injection from the fuel pump for
automotive compression-ignition enghm hss steadiIy
gained in favor, particularly in Germany, and at
present the use of a common-rail injection system,
with a mechanically operated injection valre, is rare
for engine speeds of over 1,000 r. p. m. Of the
aeronautical compression-ignition engines that have
been suocessffly tlight tested, the Packard, the Junk-
ers, the Clerget, and the Fiat all use direct pump
injection.

The dMerent types of fueI pumps that have been
employed are numerous. They have been described

by severed writ& (references 1, 2, 3, and 4) according
to the mechanical detaib of the pumps and the methods
of regulating the fuel quantity delivered. The pumps
can, in genemd, be divided into two CIWW.S:pumps in
which the fuel quanti~ delivered is controlled by the
stroke of the pump, and pumps in which the fuel
quantity delivered is controlled by valves which by,
pass the fuel for a certain part of the stroke. In the
&t claw can be mentioned the Dorner system, as
used on the Packard Aircmft Diesel (reference 5), and
the Motcrenfabrik Deutz pump (reference 4). Ex-
ampks of the second CISSAare the Bosch pump (refer-
ence 1), the N. A. C. A. &gle-oylinder pump (refer-
ence 6), and the Linke-Hofmann-Busch-Werke pump
(reference 4). With pumps of the first cIa=s either a
Iever arm of variable length, as is used on the Dorner
pump, or a bevel flank mm, as is used on the Motoren-
fabrik Deutz pump,. may be employed. With the
oonstant-stroke pump the by-psss valves may be port
valves ss employed on the Bosoh pump, poppet
valves as employed on the N. A. C. A. singIe-oyIinder
pump, or a combination of a poppet and a neede wdve
as empIoyed on the Linke-Hofmann-Busch-TVerke
pump,

Two other typEs of pumps might be mentioned:
pumps in which the fuel quantity deli-rered is con-
trolled by a valve which by-passes part of the fuel
during the injection stroke; and pumps in which the
fueI quantity delivered is controIM by Iimit,ig the
fuel drawn ipta the pump on the suction stroke. The
former can be ckssed with the variabIe-stroke pumps
and the Iatter with the constant-stroke pumps.

The construction of fue~ injection pumps has been _ .
perfected to a high degree. Machining methods have
progressed so that the pumps can be made reliable and
sturdy at a cost that is not prohibitive. Too little
attention has been paid, however, ta the hydraulk of
the system. Although it is known that pumps will
meter minute quantities of fueI acmratedy, the manner
in which the fueI is injected has been y.q muoh open
to question. Unfortunately, there has not been sti-
cient exp&iment.aIwork done on the effect of the rate
of fud injection on engine performmce to allow defi-
nite rules ta be formed as to the rates of injection to be
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employed. Ricardo (reference 7) has stated that the
rate of combustion can be controlled by the rate of
injection aftar combustion has been atarte”d. Neu-
mann (reference 8) has made computations of the
theoretical cycle efficiencies which shouId be obtained
for various rates of fuel combustion. Wdd (reference
1) has stated that for efficient combustion the fuel must
be injected at an increasing velocity, so that, se injec-
tion proceeds, the unburned fuel entering the oombue-
tion chamber will penetrate through the burned gases
into fresh air. However, Rheim (reference 9) and
Schweitzer (reference 10) have both shown that the
maximum penetration of the fuel spray is independent
of the rate at which it leaves the nozzIe, although as
shown by Miller and Beardsley (reference 11) and
GelalIes (reference 12), the rate of penetration for the
fist 0.002 or 0.003 second is affected by the rate at
which the fuel leaves the nozzle. If the injection
system is to be designed so that the rate of injection is
controlled by the fuel pump, it is necessary to deter-
mine the effect of the rate of displacement of the fuel-
pump plunger on the rate of fuel discharge from the
discharge orifice. In such-a determination there are
several factors that must be taken into consideration.
The most important of these are the compressibility,
the elasticity, the inertia of the fuel column between
the pump plunger and the discharge oritice, and the
resistance to fuel flow through the injection system,
Because of these factors, the fuel quantity discharged
is generally less than the fuel quantity displaced at the
fuel pump, even though the volumetric efficiency of
the pump may be as high as 100 per cent. The resist-
ance to flow can be made negligible by the use of flow
passages of the correct intarnal diameter. The other
factors mentioned must-be considered in the design of
the fuel pump and the injection valve. They do not
constitute any disadvantage to the injection of the
fuel once their effect k known and compensated for.

To design correctly a fuel-pump injection system
that will inject the fuel according to a predetermined
method, it is necessary to study the hydraub of the
injection system from the pump plunger to the dis-
charge orifice. There are sufficient data on hydraulics
available to permit an analysis to be made that will
lead to certain principles to be used in pump dasign.
It is the purpose of this report to present such an
analysis based on the available data and formulas of
hydrauhcs, as applied to fuel-pump injection systems,
and to pmmnt experimental data to show how closely
the analysis corresponds to actual pump operation,

The research was conducted at the Langley Me-
moriaf Aeronautical Laboratory, Langley Field, Va.

ANALYSIS

The instantaneous pressures p, at the discharge
orifice of a fueI injection system operated by a dis-
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placement pump are, at any pump angle 6, controlled
by:

““ ~~—~aocity of the pump plunger at the angle ‘-
8, in units of length per degree of pump”
rotation,

A—Area of the pump plunger.
n—Puinp speed, r. p. m.
T<ross-sectiomd area of injection tube.
&-Length of the injection tube.
yDeneity of the fuel oil.
p—~riecosity of the fuel at the pressure y.

E—Bulk modulus of the fuel. - ““
R~Total volume between the pump plunger

and the discharge orifice at the angle &
a—Area of discharge oriiice or mea of sum of

discharge orifices if a multioriflce nozzle
is used.

c-Coefficient of discharge of discharge orifice
or orifices.

pi-+ening pressure of injection valve.
pk—Pressure maintained in the injection tube

between successive injections,
There are two methods of computing the instanta-

neous pressures at the discharge orifice from these
variables. The first is to consider the fuel as compres-
eibhdmt to neglect pressure waves that occur in the
system beoause of the compre~ibility of the fueI; that
is, to assume that all presmres are transmitted instan-
taneously throughout the injection system. The
method is app~icable when the pressure-wave energy
is small; that is, for low fuel velocities though tho
injection tube. The second method considers the
pressure-wave energy, and is based on Allievi’s theory
of water hammer as adapted by Sass to the design of
fuel injection systems for compression-ignition engines.
(Reference 13,) The second method is the more accu-
rate. The first is the simpler, but can be used only
wider the above conditions.

(a) ANALYSIS CONEZDERING COMPR BSSBIIJTY BUT NEGLECTING
PRE9SUBE WAVES

h maximum pressure pm’which a fuel injection
pump can deliver for a given pump-plunger velocity
V is obtained by equa@g the rate of displacement at
the fuel pump to the rate of discharge through the
discharge orifice.

d
6Anv= W %“ (1]

P

in which pis equal to T/g. The velocity Via multiplied
by 6n because the velocity in units of distance traversed
per second is equal to 6n times the velocity in units
of distance traverwd per degree of pump rotation.
Solving for p. ,

(2)
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It is seen that the maximum pressure at any given
pump angle varies dimotIy as the square of pump-
plunger speed at that angle, and inversely as the
fourth power of the discharge-orifice diametar.
When pump injection is used for variable-speed engine
operation, this variation of p= with pump speed is an
important factor. ‘Nlth a closed nozzle the injection-
valve stem will remain lifted during the whole injection
period at and above the speed which gives -dues of p.
for the injection period equaI to or greater than ptcz’/a”.
Here a’ ia the area of the injection valve stem exposed
to the hydraulic pressuze when the injection valve is
closed, and a“ the area exposed to the hydraulic pres-
sure when the valve is opened. At speeds below thie
the vehe stem w-N osciIlate, open@ and c.losing the
injedion valve, unless there is sticient vohrme of
fuel under pressure to maintain the value of pi a’/a”
due ta the fluid compression.

The efhot of engine speed on the instantaneous
pr-ures which appear in both methods of oompu&
tion, as wiII be seen later, prments one of the most
serious difhdtiea in fuel-pump operation. Since the
pressures vary with speed, the rate of fuel irijection
must ah vary with speed. Consequently, the dis-
tance travemed by the fuel in the combustion cham-
ber of the engine during the time available for com-
bustion (reference 12) vari= with the engine speed.
Furthermore, according to the work of Triebnigg
(reference 14), TWMjen (reference 15), Ku&n (refer-
ence 16), and Sass (reference 17), the atomization of
the fuel spray vark with the injection pressure. It
ia seen, therefore, that with fuel-pump injection
systems, the rate of penetration and the atomization
of the fuel spray vary with engine speed. As a result,
it can not be expected that the combustion character-
istics will be the same at all speeds. This mriation
can be compensated for to a certain extent by the
use of” a variable rateof-lift cam in the fuel pump,
and by so designing the pump that the low rate-of-Iift
portion is used for high spee@ and the&h rate-of-lift
portion for the low speeds, in which the rate of Iift is
considered with respect to “pump degrees.

The maximum pressures given in equation (2) are
seldom reahzed in operation because of the resistance to
flow through the injection system, the inertia of the fuel,
and the compressibility of the fuel. Consequently,
the instantaneous preawms at any gkn pump @e
vary as some power of the speed less than the square.
The effect of the compressibility of the fuel can be
treated in the following manner.

When the by-pass valve of the injection pump closes,
or, if no by-pass valve is used, when the pump phmgw
starts its stroke, the displacement of the pump phmger
starti to compress the fuel between the pump phmger
and the discharge oritlce, and, if an open nozzle is
used, starts to discharge the fuel. If a closed noz.zdeis

used, no discharge takes place untiI the fuel pressure
is raised to the injection valve opening pressure. If
the injection valve opening prawre is 10s9than p.,
the pressure in the injection tubes continues to rise
while dischmge is taking plaoe. H it be assumed that
all pr-ures are transmitted instantaneously through-
out the injection system and that the resistance to
flow in the injection tube is negLiblejthe rate at which
the fuel is displaced at the pump will be equal to the
rate at which it is discharged at the injection valve
plus the rate at which the fueI between the pump
plunger and the injection valve is compressed. The
rate at which t&efuel is displaced at the pump plunger
is given by the left-hand member of equation (1).
The rate at which the fuel is discharged from the
injection valve is given by the right-hand member of
equation (l), in which pm now becomes p. The rate
at which the fuel is compressed is equal to the rate of

change of pressure 6n~, divided by the bulk modulus

of the fuel, multip’hed by the volume of fuel between
the pump plunger and the discharge orifice at the
angle 6. Therefore,

(3)

Any system of units can be used in equation (3)
provided that each unit chosen is used consistently
throughout. For instance, assume that the units are
pounds, inches, and seconds. Then, remembering that
6n has the units of degrees per skcond,

It is seen that the units of the Ieft-hand member of
the equation are identical with the tits of the right-
hand member, w that equation is satisfied dimension-
ally. Equation (3) is the general pump equation,
neglecting presam+wave phenomena, which expre.asw
the instantaneous pressuras at the discharge orifice in
terms of the dimensions of the injection system and
the physica~ properties of the fuel.

If the value of Vin equation (3) is constant, that is,
if the fuel pump has a constant-velocity plunger
motion, equation (3) c= be integrated to

in which R is the totaI fuel vohnne at the stint of
injection, and is measured reIative ta the start of
injection. The term R–AV8 represents the volume
at any angle 8. The logarithms me with respect to
the natud base e. The value of p is considered to be
constant. The error introduced by this assumption

.
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is negligible. The value of the constant of integra.
tion in equation (4) is obtained by letting p =pi when
O= O, As t9is increased, the values of p approach the
value of pm, equation (2), as a limit. Consequently,
it can be concluded that with a constant-velocity
pump plunger varying instantaneous pressures can be
obtained at the discharge oriiice of the fuel-injection
valve,

If the velocity of the pump plunger is a function of
the pump angle 6, the integration of equation (3) is
not so simple. A sufficiently accurate solution can

be obtained by substituting for
d
8~ the expression

(1%- pa)/(8~– I%). The W-Y@ O,and I%are taken close
enough together so that the error introduced by the
approximation is small. Equation (3) now becomes

In solving equation (5) the initial value of pa is taken
as the injection valve opening prassurep{. The vahe
of pb is obtained either by substituting trial values of
pa until the equation is satiAed, or by solving the
equation as a quadratic in G.

—- J
(e,– $.) E

By expanding and fetain@ only first powers of
● (8,- L9a)equation (6) can be simphtled to

Equation (7) can be used when the rate of change of
the pump plunger velocity is small. When the vaIue
of R remains virtually constant, that is, when the
vohune of fuel in the injection tube is considerably
greater than the total volume displaced by the fuel
pump during injection, the use of equations (6) or (7)
is recommended, since all the terms in the right-hand
members can be considered constant mcept p= and V.
When the volume of fuel in the injection tube is not
considerably greater than the vohune displaced by
the fuel pump, the soIution by trhd vahms of pb is
recommended.,

.-

If no check vaIve is employed between the pump and
injection valve, the discharge stops with the opening
of the cut-off valve or with the end of the pump stroke
when a variable-stroke pump is used. Under these
conditions the total fuel discharged is given by the
equation

(8)
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in which Q~is the fuel quantity displaced by the pump
pz is the pressure at the end of injection, and R2 the
total volume of fuel under compression at the end of
inj&~on. Equation (8) shows that the total fuel
quantity displaced may be considerably greater than
the total fuel quantity discharged, even though the 1
vohunetric efficiency of the pump is 100 per cent.
When a check valve is used, some of the fuel under
pressure in the injection tube maybe trapped, so that
discharge continues after cut-off at the pump. The
reeearch on the common-rail system (reference 18)
showed that, under certain conditions the rate of pres-
sure drop in the inj”bctiontube when cu~off occurs may
be even more rapid than the closing of. the injectiou
wdve. Consequently, it can not be expected that a
check valve will close so rapidly when cut-off occurs
that the fuel in the injection line will continue to &-
charge through the discha~e ofice until the injection
valve closing pressure is reached. However, the maxi-
mum time during which discharge can take place after
cut-off occurs can be obtained by assuming that the
check valve closes instantaneously. In this case the
discharge through the orifice after cutioff is at every
instant eqwd to the rate of decompression of the fuel
in the injection tube, —. -_..

The complete integral of equation (9) is

(9)“-

(10) : -’--

in which pa is the pressure in the injection tube at the
instant cut-off occurs, and p iEthe instantaneous pres-
sure t seconds after cut-off. Solving equation (10) for p

(11) ‘-

(b) ANALYSIS CONSIDERING PRESSURE WAVES

Equations (6) and (11) are based on consideration of
the static~reaaure phenomena in the fuel injection sys-
tem. While the compresaibfity of the liquid fuel has
been considered, the effects of tie elasticity and inertia
of the fuel have been omitted. Consequently, the
equa%i%tifail when the eilect of inertia and elasticity
becomes appreciable. The phenomenon is now the
same m that discussed by AIlievi (reference 19) in his
treatment of the flow of water under high pressure.
Sass (reference 13) has adapted the Allievi theory to
fuel pumps, Although at first the matheruati~ in-
volvd.. may seem complicated, a study of it shows
that they are comparatively simple, and that the
method is easily adapted to actual working conditions.
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Following the method employed by A.llievi, Sass
shows that the diflerentiaI equations representing the
conditions in the fuel injection system (&. 1) are:

au 1 ap—.. -—
at p ax I txfi\

FNN(Ml.—l?udpumpforexpkmtfmofE=%method

in which u is the velocity of the fuel at any time f
at any point z in the injection system between

.

and
the

pump pbmger and discharge orifice, measured from the
pump plunger; p is, as before, the density of the fuel
divided by g; ands is the velocim of pressure waves in

the system and is ecpd to /
,:

The differential equations (12) me iatisfkl by the
particular integral (see reference 13 for proof).

wherein F is a function having the dimensions of
pressure, bfL-zl determined by the boundary condi-
tions and acting in the direction from the pump
phmger tiwards the discharge ofice. & is shown
later, F’ represents the pressure wave originating at
the pump phmger, owkg to the motion of the plunger.
The argument of the function t– x/s indicates that
the prwsmre wave F reaches the point z in x/s seconds
after the wave originated at the plunger. The quan-
tities pt and vkrepresent the pressure and velocity in
the syatam before the start of the injection. Conse-
qugntiy, ok is equal to zero. ‘When a check valve is
used between the pump plunger and the injection
tube, or when a high primary presure is used to feed
he bj~ticm pump, p~ has a value greater than zero.
In fact, as wiII be shown later, it often exceeds
F(t– z/s). If the injection valve is so constructed that
the disturbing pressure wave F is completcdy expended
in forcing the fueI through the discharge orifice, the
disturbmce is completely determined by means of
equations (13). In general, however, this is not the
case, and a partiaI reflection of the wave F’ takes place

1ThetermF(t-z/8)h re&lFof(G.@).It representsa qnantfty depemdenton
the mndftions at the fuelpnmPrl~~ earlfer than the time under eonsfcleratfon.

at the discha~e orifice, so that the reflected portion
of F runs back from the discharge orifme toward the
pump phmger. The function denomination of this
rdkcted wave wIIIbe designated – W. The negative
sign is used for TVsince it contains within itself the
correct dgebraict sign. This back-rushing wave on
reaching the pump pI~~er is refleqted again, and
traverses the tube toward the discharge orifice. In
ge.mmd, there is a series of reflecting wav~ in the
injection system caused by the partiaI reflection or, in
some cases, the complete reflection of each successive
wave at the discharge oritice. The form of all the
waves is the same, and they di&r only in ampIitude.
The phenomena consist, therefore, of two series of
waves, one traversing the system from the injection
pump to the discharge orifice, and the other traversing
the system from the discharge ordlce to the pump.
The series do not interfere with each other, conse-
quently the total pressure at any point in the injection
system is the algebraic sum of the instant~eous
prw.sures at that point.

$%s designates the symboI of the baak-rushing

wave as
()

– W t+ ~ , since the wave reaches the point

z m z/s seconds before it reaches the pump where x = O.
Throughout his treatment, aII the symbols of the

waves are represented as the time interval between
the wave passing the point a and reaching the pump .
plunger. Consequently, all waves in the positive
direction of x have the Wmbol i – x/s and all waves in
the negative direction have the symbol f +z/s. With
this system of notation alI waves are considered as
originati~mat the last reflecting surface. If all wavea
are considered as originating at the pump plunger,

(L–x)
the symbol becomes t– TL/s – ~

ort_(q+l)L–z
s

for waves traveling in the negative directio~ and
Lz ~=+ z for wavm tia&l.ing in thet–q~–~ or t–~

positive direction, where T represents the number of
reflections of the wave, and also designates the time at
which the wave originated at tbe PUMPplunger, and
L is the distance between the pump plunger and the
dischaxge orifice.

The general integmd of equation (12) can now be
mitten, according to Sass’s notation

()–V t+; ,etc.

“==*(’-:)+W(’+:)+ U(’-:)

b

’14)

+V(’+:)’etc-l I

.L .=-.
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or using the author’s notation

( Z)-w(’-’+)pz=pk+F t–z I
‘“(’-=)-v(’”’+)’‘k” ,,15,

‘~=w’-:)+w(’-’+)
+4-%3++4=)’’”11

Consider the injeotion system shown in Figure 1.
Let the pressuresand velocities at t&tube entrance be
designated by the subscript 1, and those at the dis-
charge orifice, by the subscript 2. Let the veIocity of
the pump plunger be represented by o.. All velocities
are considered with respect ta time, and not pump
degrees, For convenience consider the injection proc-
ass divided into time intervals equal to L/g — the
time required for a pressure wave to traverse the injec-
tion tube. Consider also that the injection process is
divided into phases such that:

Phase Lfrom t= Oto t= L/s.
Phase II from t=L/g to #=2L/~.
Phase ID from t = 2L/s to t= 3L/~,etc.

In equation (15) the phase under consideration when
x is equal to L is represented by the greatest value of
~+ 1. As the equation is written, the greatest value
of T+ 1 is 4. Consequently, the equation represents
the conditions in tbe fourth phase. The F term

represent the wave originating at tie pump phmger
at t- L/sseconds. The W term isthe reflected portion

2L–x
of the wave originating ~ seconds before the time

under consideration; it is, consequently, the reflected
portion of F (t– 2L/s). The U term represents the

3L–z
wave originating ~ seconds before the time under

consideration. It is the reflected portion of F (t– 3LJ3),
and has, consequently, reached the pump plunger
and is starting back toward the discharge orifice.
The V term ieprestints the refleoted portion of the

“4L-X
wave originating ~ seconds before the time under

consideration. This wave, since its origin, haa trav-
ersed the tube from tbe pump plunger to the discharge
Oriflcejhas been partially reflected traversing the tube
back again to the pump plunger, where the partiaIIy
refleoted wave has been wholly reflected, and traversed
the tube again to the discharge orifice, where a second
partkd reflection has taken place; and the second parti-
alIy reflected wave has started back again toward the
pump phmger and reached the point z. It is seen that
the total number of reflections that any wave has
experienced at tbe time undar consideration is repre-
sented by the number v for that particular wave:-

COMMI!F1’EEFOR AERONAUTICS

The total time since the start of injection is represented
in equation (15) by setting tbe last symbol equal to
zero and-solving for t,or in this particular case

#_’L-z - ,-
8

The disturbance taking place during the first phase,
that is, from the beggnning of the injection at the fuel
pump until the arrival of @e initial wave at the dis-
charge oritice, is expressed by equations (13) in which
Vk=().~, --

1’
.—

1.
() ,p,=pk+F t–;

o.=; F(t-:)

(16)

in which the Roman numerals indicate the phase
under consideration. Following Sass’s treatment, con-
sider the conditions at the p,ump plunger where z = O.

I.

I. (17)

The fuel in the immediate vicinity of the pump
plunger must move with the ve)ocity of the pump
plunger a,, and at the entrance to the injection tube
the velocity is equal to Vamultiplied by the ratio of
the pump plunger area A ta the injection tube area T.

u =v. A/T (18)

For the fist period, therefore —
I.

fi=:mt)no A ‘03!”

F(t)= p~q=psu, $

(19) ‘“- ‘“

(20) ‘“ -

From the pump speed and from the shape of the pump
cam v,, q, and consequently, F (t) can be determined
for aII phases of the injeotion period. It is seen that
F is-a continuous function extending through the
whole injection period,

The primary wave reaching the discharge orifice is
abo determined from equations (13) in which z is.
equal to L,

I.

P’=p’++:)1
I. 01+ #

8

(21)

I’he value of the function F(t– L/s) is identical with
thefunction F(t) = Spvlexcept that it occurs L/sseconds
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later than F(t), the time L/s seconds representing the
interval required for the wave to tra-rersethe distance
L between the pump phnger and the discharge orifice.
Equations (21) may now be written

I.
pa=pki-8Ph

1
t–:

I.

I

(22)
%= ‘;_=

a

It is seen that tha pressure at any point in the system
during the first phase is equaI to the initial pressure in
the tube plus the wave energy from the motion of the
pump pl&ger. Site SPUIrepresents a pressure, it
must have the dimensions ~ L2%. Wri@- the factors
in dimensional form

8=L T-1
M L-3

“L P
v1=L P

SPQ=L PM L-3 L-1 !i7L 2?1
=M L-%

If the pressure ~ given in equations (22) is equaI to or
greater than the pressure required to open the injection
valve, when an automatic injection valve is used, the
pressure wave is in gened partially reflected. The
portion of the wave 1’ which is reflected, designated
- W, appears in the second phase. The pressure and
veloci~ now prevailing in the injection tube me, con-
sequently, of the ordff of the general equations (14)
or (15).

,

multiplying the second equation by PS and adding to
the first

TT

(24)

Substituting for 1’ (f –L/8) its due paT:_~
7

which also reprments the pressure conditions at the
discharge orifice through the third phqse. The qusn-
tity PS% represents the portion of the wave N ~_~,

7
which is not reflected but is absorbed in the discluwge
of the liquid fuel from the discharge orihe. The
velocity % is the vector sum of the velocity of the on-
~fig wave pa~ ~ plus the velocity of ita refiected

-;

()portion W t–~ . &msequentiy, % must be equal

to the velocity of the fuel through the discharge orifice
multiplied by the ratio of the discharge orifice area a
times its coefficient of discharge c to the tube area 2’!

(26)

in which U=is the veIocify through thedkharge orifice.
From the ctmservation of anergy

(27)

in which p. is the pressure in the engine cylinder into
which the discharge takes place. .Substituting from
equation (26)

P’=MW-lI+P*
(28)

Siice in practice the ratio (T/ac)l is l~e, equation
(28) Wn be simpIi&d to

(29)

Equations 25 and 29 both contain the parameter vi
which can be eliminated between them, resulting in a
quadratic equation in pa which can be solved for pi.
In which case

.ice(p~{) is genedy smalI, equation (30} can

be simplified ta

Pz-Pz=:[-’~g+JP=]2 @l)

A second method of obtaining p, is the graphical
method employed by Sass using equations (25) and
(29). From the cam contour determine the range of
values for ~l. Substituting in equation (29) vduw of
M equal to the values of vI, plot a curve of pz against
pa+spz!a. Siice from equation (25), pt+s~=p~
+ 28PV: =, this is &O a CUrV13Of pz ag&St-—

p~+ 2s~’ ~. From the vaIuee of p~+ 2gPc;_ ~the tor-
t–; i

IMPOding dues of pz me obtained from the curve. ”
Consequently, the instantaneous pressures are deter-
mined at the discharge orifice for the second phase.
h the same manner, the quantity spti can be deter-
mined. It represents the portion of the wave that is
lost because of the discharge through the discharge
orifice.
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If the first equation of (23)-is subtracted from equa-
tion (24), the vahm of the back-rushing wave – W is
obtained.

(32)

Equation (32) shows that the reflected wave is equal
to the oncoming wave less the wave energy lost to
discharge. Had the pressure pa been less than the
valve opening pressure, Q would be eqmd to zero, since
no discharge could take place, and the oncoming-wave
would be completely reflected. Consequently, for the
case of complete reflection

II.
___ (33).. . ...,

It is diilicult to determine the exact conditions exist-
ing during the start of discharge from the injection
vaIve when a closed nozzle is used. Sacs undertakes,
at this point in the anaIysis, to consider the movement
of the injection valve steni He assumes that the lift
of the stem is at all times equal to the lift that wouId
be obtained with a static pressure equal to the com-
puted instantaneous pressures. This method doea
not consider the inertia of the injection vahe stem
and spring; consequently, the resrdts are in error, un-
less the frequency of the stem and spring is extremely
high. In” commercial injection valves this is sddom
true, the frequencies being of the order of 500 cycles
per second for injection valvw designed for high-speed
engine operation. (Reference 18.) If the ii~ection
valve is so designed that a and fraction of the totaI
lift of the stem presenh ‘a flow area considerably
greater than the flow area of. the discharge orifice, the
effeet of the stem motion may be neglected. If this
is not the case, the oscilIatiom of the stem will affect
the discharge of the fuel and may, in some cases, cause
the stem to strike the injection valve seat, causing
momentary stopping of the discharge. (See fig. 42.)
As will be shown later by the experimental records,
when the injection tube is of sufficient size to insure
laminar flow through it, the lift of the injection valve
stem required to present a flow area equal to the dis-
charge otice is reached in an extremely short time,
Consequently, the effect of the injection valve stem
movement is neglected, and the flow is assumed to
start instantaneously when the injection vaIve opening
pressure is reached.

In Sass’s computations he considers that the initi~
wave reaching the discharge orifice is completely
reflected, since reflection takes place instantaneously.
The author has assumed that partial reflection takes
place because of the difficul~ of accuratdy analyzing
the conditions that take place during the small time
interval between the start of opening of the injection
valve and the time when the stem has reached a lift
sufficient to permit umestricted flow around it.

CO~ FOR AERONAUTICS
.- -

The back-rushing wave - W reaches the pump
plunger 2 L/g seconds after the wave of which it is the
partial reflection originated at the pump plunger, and
it is campleteIy reflected, reaching the discharge orifice
L/~seconds later, which is the end of the third phase.
The interpretation of equations (14) and (15) is now
fully explained, For the conditions at the pump
where x= O and considering i equaI to 2 L/s

m.

(-w(+) ]PI ‘Pk+ m – w t

It is seen that the argument of - W is the same as that
of ~ This is because W is instantaneously reflected.
Since no wave energy is lost during reflection at the
pump plunger, ZI is equal to W but opposite in sign.
Equations (34) can, therefore, be written

~E.-.

(-%)1PI=pk+F(t)–2TT’ t
.

IIr- -“} (35)

I
& was the case for complete reflection at the discharge
ofice, the velocities of W and U are identical but
opposite in sign, so that VI during the third phase is

.
equal to ~ F(t) which is equal to V,A/T, The onrush-

~~ wave of the. third phase psvlf%is now reenforccd .

by the reflection of the reflected wave of the firstphase,
that is, by tl. These two waves reach the discharge
orifice together at the end of the third phase.
Equation (15) now becomes for z-L

111.

p’=p’+F(’-:)-~(’-$)+u(’-:)
(-)_l, ~ @

,8

III.- (36)

whihh-represen~ the conditions during the third phase.
In equations (36) F represents the wave originating
at the pump plunger during the third phase, W repre-
sents the reflected portion of it, U represents the
reflected portion of the wave originating during the . .
fiat phase, and V represents the reflected portion of
Z7. The equation can be simplhd by combining the
two reflected portions W and V inta a single reflected
wave W?,
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It has already been shown that Z7 is equaI to, but
opposita in sign to the reflected portion of the pri3
ceding phase, and is therefore equal to

Substituting in equation (37)

III.

(38)

All the values in equations (38) are known with the
exception pa U, and W’. They me determined in the
same manner as was used in the derivation of equation
(32). If the graphical method is employed, the same
curve of pi against pz+pm =pt + 2s~_& can be used,

.
since the two oncoming waves can be co”uidered as a
single wave.

By the use of equations (38) the gened equations
(14) or (16) can be &npI&d into

in which Wrepresenti the reflection of aIIwaves reach-
ing the discharge orifice 2 L/s seconds before the time
t under consideration, and W’ represauti the reflected
portion of both .F and Ji? The use of equations (39)
results in the computations for aotual cases being much
shortar than the use of equations (14) or (15) which
Sass employs because equations (39) consider all
waves in the positive direction as a single wave, and all
waves in the negative direction as a single wave,
whereas equations (14) or (15) consider each wave
individuaUy.

The first equation in equations (39) may &o be
written

t
p= P&2

( )
Spcl L+ SPtf L — SF% (40)

t= 7

in which %’ represents the sum of all reflected wavw

~eaving the pump plunger at t–~”

In reference 13 Sass has apphd the gemd equa-
tions (14) ta a numerical example. He has, however,

made an error in computing the tertiary wave U.
He has correctly shown that the pressure at the pump
plunger for vrdues oft equal to and greater than 2L/s
is given by equations (35). He has, however, incor-
rectly assumed that the onrushing wave. is now equal
to F(t– L/s)– 2 W(t+L/s). Consequently, although

he correctly computes the values of p,+2
[<t-3-

@+:)]

—

from which the VSIU- of pa for the various

phases are oomputed, the values of his back-rushing
waves are incorrect after the start of the third phase.
He considers them as being equal to

This results in the final pressures being computed to
be greater than they actually are. ActualIy they are
given, from the substitution of equation (32), in
equation (23) by

Since the motion of the fueI injection pump phmger
is considered as being transmitted instantaneous~y to
the fuel in the injection tube, the curve for the pres-
sures at the discharge orifice jumps instantaneously
frOm Pb to Pk+28~t_~- s~ This is not the case

8
in actual operation since an appreciable time lag must
elapse between the start of the closing of the by-pass
valve of the injeotion pump and its complete closure.
This jump in the mrve occum again when the reflected
portion of the initial wave again reaches the discharge
orifice at #= 3L/s and for aU values of t= qL/s for
which q is an odd number. However, each iime this
wave reaches the dischaxge ofice it loses some of its
intensity h the discharging fuel. Consequently, the
wave continually decreases in intensity, and finrdly
disappears.

As has been stated, under certain conditions no
reflection of the preiwwrewaves takes place. This is
tme when all the wave energy is absorbed in the
discharge of fueI through the discharge orifice. 13nder
this condition m is equal to ~ L Substituting the--a
vahe of pa obtained in equation (29) in equation
and setting % equaI to ~ ~

7
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(25) . .._
L.

(41)

which represents the value of U1for which no reflection
of the wave takes place. For any values of VI lass
than this the reflected wave wiII be one of rarefaction —
and W will be positive in sign and —W will become

—

negative in value.
..-—

.



630 REPORT NATIONAL ADVISORY

(c)DETERMINATIONOFVELOCITYOFPNZSSUllEWAVES

In dl the computations presented in this report,
the value of s has bea computed from the value of E
givan by Hersey (referencb- 20), ”284,000 pounds per
square
Simihu
work.

inch. This value was chosen fro-m fueIs- of
properties to that used in the experimental
The corresponding value of s is 59,600 inches

COMMITTEE FOR AERONAUTICS

the tube. He shows, however, thati the decre~se is
negligible. The equation for the vehcity in a tube in
which expansion takes place is given by Sass (refer-
ence 13) S9

C

—. .—
1

~f = -—

h+% p

~j ,4i@.prO ~sure/
1/reservoir

-m ~ ?2ningvolve

I

cam

FIWSE2.-Fnel spray @&u ayatam

per second. Sass (reference 13) “uses the vaIue of E
determined experimentally for Diesel oil by AIexander
(referenoe 21) 296,000 pounds per square inch. The
corresponding vaIue of s is 60,000 inches per second.
The author has determined diredy, in the investiga-
tion of the time Iags of injection systems (reference 22)
the approximate value of ~. U@ the injection
eystem shown in Figure 2, he measured the time lag
between the release of pressure at the timing value
and the appearance of the fuel spray from the dis-
charge orifice. Figure 3 shows the Meet of injection
tube length on the time lag. It is seen that the differ-
ence in time Isg between a 70-inch tube and a lo-inch
tube is 0.0012 seoond, DiViding this time into the
difference in tube length, 60 inches, the vahe of g
is found to be 50,000 inches per second, which checks
the vahms computed from E to a reasonable degree of
accuracy.

(d) EFFECT OF EXPANSION OF INJECTIONTUBE

According to Sass, any expansion of the injection
tube will decrease the veIocity of the pressure waves in

—

. —

..—.

in which e is the bulk modulus of the injection tubo
mat6rial, D’ the outside diameter of the injection tube,
and D the inside diameter. When e becomes infinite

Tube L&@, inches
FIGUSE8.—EfftiOf tube le@h011the In& Idtfd mtue, 1,(FJIlb.jaq. In,;

vulva OpOI@ pm-sure,4,CC0lbJsq. in.

the equation becomes s=
4

E~. The equation for s’

can be rewritten as

.44~eD ””””-”S1= –p eD+EDi -

In practice D’ is equal to approximatdy 2D. The
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approximately 30,000,000 pounds per
square inch, so hat

/ r1*= Le+2E

“J===@
= 0.99

Therefore,
8’= 0.998,

a decrease ~f 1 per cent, which is negligible.
The steel injection tubes used in the tests, ha re-

sults of which are presented in the next section, had
outside diameters of approximately twice the inside
diameters. Consequently, the effect of the injection
tube axpansion was neglected.

(e)~VZSTIGATION:OFEESISTAI$CETOFLOWN THEJNJEOTION
SYSTEM

k both the preceding analysm it has been c~nsidered
that the resistance to flow in the injection tube is
negligible. This is true ordy when the injection tube
is of sticient siza to insure sod r~tmce 10ssss.”
The resistance depends on the type of flow through the
injection tube. For low velocities the flow is huninar
and the resistance T-mica as the first power of the
velocity and the viscosity. It is qmssed in units of
pressure by the relationship

p= 32vwL/lP. (42)

For a pump phmger of a given diameter and for a
givau phmger velocity the value of al is given from
equation (19) as

(43)

in which o, = 6nV and D is the injection tube diameter.
Substituting in equation (42)

p_ 768nnvA&
(44)

Therefore, other conditions ramining the smne, the
resistance in the injection tube, with lamimw flow,
-mries i&wrsely = the fourth power of the injection
tube diameter.

As the veIocity through the tube is increased, owing
to an increase in the pump plunger velocity, the flow
changes from hminar to turbulent. The lovveat
veIoci@- at which this transformation begins is termed
the lower critical vakwity. It is that veIocity for

UD.
tvhic.hReynolds ~umber ~ls equal to approximately

z,000, and is, therefore, axpresaed by the relationship

Vk=2000~ (45)

in which ~ is the kinematic viscosity and is equal to
P/P. The masimum velocity through the injection

tube is expressed by equation (43).
~quation (43) to ~kh equation (45),

6nVA “V— =2000~3
p

and
6nVADk=—
5ooZv

Equating VI in
.

(46)

which expresses the tube dimneter for the critical
velocity in terms of the pump speed and the kinematic
viscosity, and determines the minimum injection tube
diameter to be used at any pump speed. From equa-
tion (46) and a knowledge of the pump dimensions the
injection tube diameter for the criticaI velocity can be
det~mined for all speeds of the pump. Since v va.rk
as some power of pm greater than one, and pm varies
as the square of n, the curve of Dk againstn may show
a maxinmm. (See ~. 29, Appendix III.)

For turbulent flow the resistance varies as the squrue
of the velocity and M the density. It is expressed in
units of pressure by the equation

p=fL~ -(47)

in which f is the coeftlcient of friction and is given by
Hopf (reference 23) as

)
f= O.00714+0.6104 ~$ ‘% (48)

It is noticed that f is a function of Reynolds ?Number,
olD/vand consequently is a function of both the den-
sity and viscosity of the fluid. However, since Rey-
nolds Number is raised to the —0.35 power, the value
off shows little variation with either the viscosity or
the density. Substituting the value of VIhorn equa-
tion (43) in equation (47)

@fLpv?
@lY

(49)

Therefore, other conditions remaining the same, the
resistante to ffow through the injection tube when the
flow is turbulent vari~ inverady as the fifth power of
the injection tube diametw.

Since in both the ~aIyses for determiningg the in-
stmtaneous pressures the resistance to flow was
neglected, the analyses hold onIy for those injection
tube diameters equal to or greater than the values given
~et equation (46). The VSIUESof pressure used in

ermining the equation for the oriticaI diameter are
obtained from dquation (2) which is only a fit
approximation of the actual pressures; consequently
the vahes of Dk obtained from equation (46) me not
exact. The method is, however, accurate enough for
practical use. The general rule to follow is not to use
injection tubes of diameters smahr than those giveg
in equation (46), using the method of evaluation em-
ployed in Appendix III. In evaluating these equa-
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tions extreme care must be used to obtain all functions
in the correct units.

In adapting the above method to the design of a
fuel injection system, it is welI to remember that
temperature has a marked effect on the viscosity of
the fuel. @eferenoe!20.) An increase of 20° F. may
decrease the viscosity 100 per cent. If the flow in the
injection tube is in the kuninar range, this decrease
will decrease the resistance (equation (42)), but if the
flow is in the turbulent range, this decrease will increase
the resistance (equation (48)).

EXPERIMENTALDETERMINATIONOF DISCHARGE
PRESSURES

(a)METHODS AND APPARATUS

The fueI pump used in the tests to determine the
applicability of the arudysesis shown diagrammatically
in Figure 4. The load control was obtained by rotati
ing the pump plunger by means of the ratchet. This
varied the position at which the slot in the pump

FIGUBE4.—Dlommmatic sketd of fuel pomp nsed in tasts f

plunger came in wmtact with the ports in the SIeeve.
No primary fueI pressure was used other than a head
of approximately 1% feet of fuel. The pump plunger
had a diameter of 0.354 inch. The lift and velocity
of the pump plunger are shown in Figure 5. The

COMMFPITiElFOR AERONAUTICS

lift data were obtained by means of an extensometer
gage, accurate to 0.0005 inch. The velocity curve
was obtained by drawing tangenta h the lift curve
at 2.5° intervals. Although the pump was not
necessarily designed for injection over the decreasing
wdacity portion of the cam, this portion was used iR
the tests in order to determine the instantaneous

Pump degrees

FIGVEE 6.–PIrrnmr vdodty andliftcnrws h fuel pump usedin txzsf9

presaurcs dehered by the pump after the maximum
velocity was reached.

The injection valve was the same as that used in the
tests on the pressure fluctuations in a common-raiI
fuel tijection system. (Reference 18.) The instanta-
neouspressuresat the discharge orifice were detern@ed i+- _
sxp@@ntaIly by the same method as used in the
investigation of the common-rail system from an analy-

~ .Vuiv. %“ close> for

Li#i’f skrce

Y

.:=
FIGumr d,-Auti”matlc hdection “&ive- end awrstw for rwrdiru tive S~

movement
—

sk of “photographic records of the movement of the
injection vsIve stem. (Referenm 18.) The injection
valve ,and the apparatus for recording the injection
valve stem movement are shown in Figure 6. Tho
image of the Iight source was reflected from the pivoted
mirror and focused on the Kim drum. The film drum
was rotated by a sy-nchornous motor at a peripheral
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speed of approximately 1,000 inchm per second. ~ changing either the position of the injection valve or
by motion of the injection valve sknn caused the I the recording Iight. A typical record of the injection
reflected light beam to traverse the photographic fi valve stem motion is shown in Figure 7. The dis-.
on the drum and record the stem movement. The charge oriiice -was one of those used by Gelalles in
electromagnetic shutter was controlled &o that the hk invdigation of the coefficient of discharge.

.—
_.._ .-

-

I Time. second I

FIGUXE 7.—Eecord of blection vah stan movome.nt. (SmsU points. indicate fnt8rva19at wbioh Ilft was taken &om remrd for amalysfs)

light beam feII on the drum during oily one revolution \
of the pump. Consequently, the record of the stem I
was obtained for one injection only, aIthough the pump ~
was operating continuowdy.

The method of obtaining the titantaneous pres- 1
sures on the vake stem from the stem record has been :
described in detail in reference 18. It consisted of ~
detmminhg the Iyvdraulic pressure from the force :
equilibrium equation

I

(Reference 24.) It had a discharge coefficient of 0.94
when installed ti the injection valve. (Reference 24.)

-—

~ .-...——
(b) IZE9ULTS AND DISCUSSION

..—
Modifications to equations (6) and (39).—If the

scrpetiental results obtained under the same condi-
tions as the comput~d reeulta (see Appendices I and II)

.-e
._-———$i-esstre computed fran equafims 68 }1,

ffssw7i~ inifiafqes~ -k wf w
apeninqpresswe

----—$res~ =pufed from equatkns M II,
assuming inifialpresstre eqwls valve
clo~ presswe.

—Expenmenfal[y deferm”mdpreswre.

e->
~8000

>
.

g 4000
9

~
> 0 .002 .ch74 .008 .006 .0!0

—_Pa=kS+ma
t

in which P is the mean instantaneous rmssure across ;
—-

— : :..

the stem at any time t, G the area of he stem, h the
spring scale, S the stem Iift at the time t, m the mass ;
of the moving psrtsl and a the acceleration at the tie ~
t, The values of S and a were determined from the !
stem-movement record. The records were calibrated I
by the method described in reference 18, except in ;

-
—

.—

-

—.-
-------~~f~=mpu fed a~i~ to

—-—Presswe c&n ufed accordihq fo
8.equafians 6 II

..—
< The, second

~GUU 9.-Comparfsonof test w=mras Wth mESG.GMcomwkd
fromeqoatfons(6) snd(Ill asmmfngfnltfd~mt~
W&e dosingPressmaond th%tim O- PRSSIXE ——I

sre compared (~. 8], zero time refers to the arrival of
the initiaI wave at the discharge oriiice, it is seen
that both the computed curves give pressures in excess
of the experimrmtal curve. It is now necessary to
determine in what manner the analyses of the general
equations differ from the sxperimentd wmditions.

In equation (6) it was assumed that the initial
pressureat the discharge otice for the start of injection
was equal to the injection valve opening pressure.
The recorded lift of the injection valve stem indicat=
that the effeotive pressure was actually lower than
this, otherwise the initial rate of Iift would have been

—
.—

Ik Ttme, second

FIGO-EXs.-comparfaon of @St ~ with computedk~s

thiscase it was necessmy to disconnect the injection
tube from the injection valve end connect the injection
vaIve ta a hand-operated high-pressure pump for the
calibration of the records, This was done without

s9sO&8Z~

..—



.—..—.—

634 REPORT NATIONAL ADVISORY

greatar. As has been mentioned before, the condi-
tions existing during the start of injection are difficult

to analyze. The assumption will now be made that
the initial pressure at the start of injection is not the
injection valve opening pressure but the injection
valve closing pressure, in or&r to take care of the
unstable conditions at the discharge orifice when the

~-Fm AERCiNiitTICS
-. ..— —.—

pump, both systams operated under conditions which
gare pressure-wave phenomena. Referring to Figure
10, it is seen that the pressure-wave osciIIa~iona in the
system iktrated in Figure 2 did not occur after the ..+
second wav~. Consequently, the same assumption
wilLbe made in the application of equation (39). The
results of the computation, neglecting all reflected
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FIGURE 10.-Effect of tfmtng valve mm ehaftsx and Iutectlonpertodon stem Uft and ofl preseure

injection valve starts to open. With this assumption I
the results are again computad, and the resulting curve ]
is shown in F~e 9. It ti seen that it more closely :
fits the experimental curve.

In the adaptation of equation (39) to the experi-
mental results, it is necessq to make an assumption
regarding the damping of the pressure waves. An

------- Pressure com#ed from equofion (39)
c wmiderfng off pressure waves.

- —Pressure coqouted from equofion (39] “1
neglecthg oil woves offer second ref.bkm

.$ —Experimentally determined pressur@”

o~
rime, second

Fmu= 11.~owm~ Of m PSWeumewith ~es eonmuted
fromkquatlon (89)a%umfngall ~ waves deotrOFedaftereeemrd
reflection at the dimherge &m

!
indication of the damping (fig. 10) is obtained from ,
the investigation of the ccnnrnon-raflsystem. (Refer- I
ence 18.) Although the expetimental conditions were
different from those experienced with a pump, in that 1
the injection vw caused by fuel in a reservoir under a
high pressure instead of the dqIacement fueI in a ~

waves aftm the second reflection, are ahown in Figure
II, It is seen that under this assumption ~hgIesu@ ._
from equation (39) fit the experimental curve more
closely than those from equations (6) and (11), indi-
cating that the pressure waves in the system exert the
controWng effect on the injection characteristics.

The conclusions are drawn that in adapting equation
(6) to the computation of the instantaneous pressures
the initial pressure at the start of injection is con-
sidered to be the injection valve closing pressure, and
that ti adapting equation (39) to the computation of
the instantaneous pressures, all preswre waves after
the second reflection are considered to be destroyed
by the damping effects of the system,

.~~ct of injetion valve dosing pressure,-~igures “’-.. .-,
12 and 13 show the effect of the injection vaIve closing ‘
pressure on the injection valve stem lift and on the .
instantaneous pressures. The soIid pressure-curvo
represents” the preesure determined from the experi-
mentally recorded stem lift record, and the broken
curves repr~nt the pressures computed from equations
(6), (11), and (39) with the modifications discussed in
the preceding paragraphs, The injection vaIve closing
pressure can be more accurately determined by the
use of the calibration records (reference 18) than the
openipg pressure, since the opening pressure is obtained
by observing the pressure at which the spray fit issues
from the nozzle as the pressure in the injection valve
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is buih up by mesns of a hand pump. The ratio of
the stem area exposed to the hydraulic pr~ure before
the stem Iifted to the area cccposedafter the stem Iiited
was 0.70 for the injection valve used in the tests.

At 750 r. p. m. the injection period at the fuel pump
was 0.0071 second. At 47o r. p. m. the injection period
at the pump was 0.0113 seoond. Consequently, when
the injeotion pexiod covers a greater interval than the
above time intervals at the rwpective speeds, the in-
jection is continued beoause of the fuel under compres-
sion in the injection tube when equation (6) is used, or
by the continued oscillations of the pressure waves in
the injection tube when equation (39) is used. Equa-
tion (11) is used to complete the computations of the

I an injeotion period greater than the recoded pefiod. . _-
At the lower closing pressures the curve of equations
(6) and (11) fit the experimental results more closely,

--

i whiIe at the higher closing pressures the curve accord- .-~
ing to equation (39) shows the closm agreement with
the experimental results. It can be concluded that for ‘“””

I
I

I

injection process when the pressure given by equation “
(6) is greater than the injeotion vaIve cIosing pressure
at cut-off at the fuel pump.

At 750 r. p. m. it is seen that at the lowest valve
closing pressure the injeotion period is greater than the
time intewd during which the by-pass valve at the
pump is closed (0.0071 second). As the vahe closing
pressure was increased, the injection period decreased

Tm7e, secow’

FIGURE 12-Hket of rake cIos!ngpresmre onstem Uftandfnel~. mp
.5Fe4d-7S0r. p. m; tub Iength.S4 Iuoheq fnslde tahe dfarneter-O.IW inch

untiI, at the highwt vahe, the period was slightly less
than 0.0071 second. At the lower closing pr~ures
both the computed pr-ure curves akw show the long
injeotion period. At the higher closing pressures the
curve fmm equation (39) shortens correspondingly
while the curve based on equations (6) and (11) show

Time= second

FmxmI liL-EEect of valve dostng premxe onstem IUtandheIprassnra at low
-p X Tub lensth-34 fncheq Lusldetnba dhmek-o.m hlc& iarrlp
aread-470 r. p. w orhlce df9mek-O.020 !nch

high pump speeds at low injection vah-e closing pres-
sures, and, consequently, lower initial pr-ures in the
injection tube, the actual conditions are closely approx-
imated by computing the instantaneous pressures from
a consideration of the compressibility but not the pres-
sure-wave phenomena of the fuel; whiIe at the higher
valve closing pressures, and consequent higher initial
pressures, the actual Wnditions are more closeIy
approximated by computing the instantaneous pres-
sures from a cmsideration of the prewure-wave phe-
nomena. It is WEJIto mention at this time that
injeotion periods at the injection valve which are in
WCMSof the injeotion period at the pump may be
caused by pressure waves set up in the system before
the by-pass valve of the pump is closed. In this case,
injection would appear earlier than Lls seconds after
the cIosing of the by-pass vaIve. It is possible that
th- phenomena did occur with the low injection valve
closing pressures.

It is noticed that at the injeotion vaIve closing pres-
sur~ of 550 and 1,200 pounds per square inch second-
my discharges occurred. These were not due to the
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mechanical bouncing of the injection valve stem, aswas
the case in the investigation on the common-rail system
(reference 18), because in this case the secondary lift
wouId have been jagged and closer ti the end of the
initial lift. Secondary discharge can be exphiined
from the amdysis, according to Ssss, in the derivation

8000 .08

4000 .@
..

0 0
d..

o

4m

o .002 .004 .CX76 .028 .O1OO
Time, second

Fburts lL—EIWct oftubelength on stemlLttendfuelpma?um.Pump S-
-7&1 r, p,m.; IneIde tabe diameter-O.12S incJx valve cfoshg presszue.=
2,660 lb./sq,fn.

of equation (39) on the assumption that the by-pass
vake closes sufEcientIyrapidly sc that the oscillations
continue in the injection tube. Under this circum-
stance the waves can cause several openings and clos-
ings of the injection.vaIve. It is diflicult to compute
the cases under which secondary discharge will take
place because of the lack of knowkclge of the closing
proceaa of the by-pass vaIve. At the higher vaIve
closing pressurea,if such pressurewaves did occur, they
were not of sufficient intensity to reopen the injection
valve.

At the 10WSTp~p speed (47o r. p. m.) both methods
of computing the instantaneous pressures show good
agreement with the experimentally determined values.
In this caae, the injection period for the loweet injection
valve cloaing pressure was equal b the period at the
pump, but as the cloaing preesure was increased the
injection period decreased. The bouncing of the stem
during the start of injection was caused by the tube,
diameti being less than the criticaI diameter. (See
fig. 29, Appendix III.) This bouncing will be discussed

COMMWI’EEFOR AERONAUTICS
:.- . .

in detail in the section on the effect of injeotion tube
diameter.

Analysis of the two @ures indicates that the check
vaIve at the entrance to the injection tube did not
permit the pressure in the injection tube h drop to
atmospheric but maintained the pressure at a value
approaching the injection valve closi~o pressure.

The general conclusion to be drawn from the figures
is that the injection valve closing and opening pressures
materially aRect the injection characteristics of a fuel
pump injection system, and that increasing the injec-
tion valve opening and closing pressures decreases the
injection period but increases the instantaneous
pressiww,

IZkct of injection tube length.-The effect if tho
injection tube length on the instantaneous pressures is
shown in Figure 14. It is seen that up to tube lengths
of 34 inches there is little change in the injection ch&--
acteristics according to the experimental records and

I 1] I I 1 I I I l! I ! I I1
. -L Press’un *1 m7 ‘ .&&’ (39JL _-— ,, (6) a 0/).

8000 .08

4000 .04

0 0
t , , I ,. , , , I 1

,,

kfM+w+H.04

I I 1: i I I I I I I I I I >. I
. 4’ I

I I I 1 I I I I I I
\l ! I I 1,

I } /3fJ iAcb_
o

tube diu. @
hminar

I.-L f J-t-+’T% —

biiiiii iiiiii Tl\iiiiil
,

0 .002 .004 .006 .@8 .Ofo”
Time, second

.—

FIGURE 15.—Effect of fndde tube dlamatw on stem lfft and fuel pwmre. .
Tube length-84 fnofr~ valve closlng prossnre-2,0KI lb./sq. In.; pump
wwd- 7&lr. p. m.

according to the pressures computed from an amdysis
of the pressure waves. For the longest tube the coru-
puted pressures are at considerable variance wijlh the
actuaI pressures, owing possibly to the effect of the
by-ptiss valve- or to resistance in the injection tube,
which became excessive because of the tube length.
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The computation negkwting the pressure wa~es faib
for the short tube lengths. The explanation of the
small effect of the tube length is seen from an amdysia
of Table VII, .kppendix II. The values of the reflected
waves for the first reflection shown in column 15 reach
a maximum of 480 pounds per square inch. Assuming
that only these pressure waves reenforce the wymes
caused by the pump phmger motion, it is seen that the
injection tube length can have little effeot on the instan-
taneous pressures, since the addition of the reflected
waves to the waves originating at the p ump amount to
a maximum of only 480 pounds per square inch.
Lengthening the injection tube changes the time at
which the reflected waves are added to the wave
originating at the pump.

The general conclusion to be drawn from the figure
is that short injection tubes do not materially aid the
injection characteristics of fueI pumps and that con-
sequently the fuel pumps for all cylinders in multi-
cyIinder operation may be constructed M a single unit
connected by suitable tubing to the.injection valve.

Effect of injection tube diameter.-Figure 15 shows
the effect of the injection tube diameter on the instan-
taneous pressures. According to Figure 29, Appendis
III, the critical tube diameter for the pump tested at
a speed of 75o r. p. m. is 0.094 inch. For tube diam-
eters greater than this the injection pressures should
decrease because of the fuel lost to compression accord-
ing to equation (6) and bemuse of the lesser intensity
of the pressure w-aves according to equation (39).
The a~enmental rewdta presented substantiate this.
Iti is seen that the maximum pressures occur between
the 0.076 and 0.138 inch diameter tubes. During the
taking of the esperimentaI reccmls it was noticed that
for the smakr tube diameters the tubes heated con-
aiderably, indicating the resistance 10SSSScaused by the

c..
%\~~ .0.4
.

t ~
; ~
m u
$- .&

j E*
k w

o tM2 .004 .m .CK?8 .Ofo o
Time, second

FrGcmE16.-E!fect of inefde trh dlsmeter on stem IUt aud fuel ~nre
Pump sPeed-470 r. P. m.; tube Iengtb-34 fneha tive rloeing messrrre-
? lb./rz&tn.

turbuhmt flow. Wires were inserted in the injection
tubes in one series of tests, and it -wasobserved that
the heating was even more marked and the pressures
lower than with an injection tube of the same flow area
but without the wire. For the tube diameters below
the criticaI diameter the start of the motion of the

injection valve stem is ragged; this is caused by the
unsteady flow conditions as a result of the high resist-
ance to flow.

It is noticed that the initial reflected wave changes
from a positive vahe for a tube diameter of 0.138 inch
to a negative value for a tube diameter of 0.076 inch.

1 lb # #\ 1. 1 1 1 ... ,,,
1

7ime, second

FIG- 17.–Efted of throttJeeetthg onetem URend frmIprmure% uec-
tlon tube length-84 lnoh~ dferneter.O.076 Inch; pmnp eperd-7W r. p. .
m.; vehe clodng PIW.WJM-’2JKClbJeq. fn.

Substitutingthe test mdues in equation (41) shows that
the initial reflected wave changes from a positive value
to a negative value for a tube diameter of 0.124 inch.
(See a.Iso&. 14.)

To check the experimenhd resdts on the effect of
tube diameter, tests -wererun at a pump speed of 470
r. p. m. with injection tubes above and below the
critical tube diaineters. (I& 16.) Again it is seen
that for the injection tube diameter below the critical
diameter, the stem motion is ragged. His seen that
with either of the injection tubes the injection period
at the discharge ofige is less than the period ai the
pump. This has been discussed in the section oh the
‘Wffect of Injection VaIve Closing Prea9nre.”

The general conclusion to be drawn from these
figures is that, in designing a pump injection system,
caxe must be taken to have the injection tube dkneier
and the diameters of all other flow passages, with the
exception of the discharge orifice, not less than the
critical tube diameter, in o~er to prevent turbulent
flow.
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Effect of load .—The effect of load or pump throttle
setting on the instantaneous pressures ia shown in
F&we 17. Since the injection tube diameter .WSS1sss
than the critical diameter, the record of the stem move-
ment is ragged. The curves show that the throttle

1 1 I 1 I I t 1 I I I
34111

c.. t= mr rrl ‘W’i’T (k’&d (?)

.04

-s
0’$

COMM~ER FOR-”hRONAUTl!ICS
.. ———— .—

e I I I I I I I 1“ I I I I *.

I 1 I
.042r+. I I 1 I

7ime, secmd
FIGESUEIS.-Effect of pump wed on stem lfft and fuel praasura. Tube

langth-~ inches; InsIde tuba db.metar-oxul Inch; vafve eloaing me+
aura+$OOlb./aq. h.

setting had no effect on the instantaneous pressures
up to the point of cut-off. The throttle settings
designated do not refer ta the fuel quantity delivered
but to the fraction of the throttle setting. It can be
concluded from the figure tlmt with a constant-area

contradiction to the opinion of Joachim and Foster in
the report on an annular oridce injection vaive (re-
ference 25), in which they state that at part loads
with a spring-loaded automatic injection valve there
will be throttling between the injection valve stem
and seat.,. ~

“T
!...Q!,P@p.. s$Wd! —From the previous figures “~.’‘“” ~..

&~ 6 ect of pump speed on the injection characteristics
can be studied. Additional test-reeults,are shown in ... ....-
Fig@ 18. It is seen that as the pump speed increased
the ~;essuses during injection increased. As has been L_
stated before, this increase results in an increase in ....
rate if penetration and in atomization at the higher .-.
spee&. In the adaptation of equation (39) h this
partictiar set of conditions, it was found that the
initial wave was not sticient to open the injection
valve, unless the reflection was complete. Come- _
quentiy, complete reflection of the initifd wave up to
t= 3 -Z/s was used in the computations, Under this -
circum@mce me reflected wave —W was equal in
magnitude ,to the..onconing wave 1? This results in
the ~gh rate of pressure rise at the lower speed and
the considerable deviation from the curve computed
accord&g to equation (6). It is interesting to note

Time, kecon(i
IHtllcheck valve

Time, second
Without fiheck valye

FIGUnE 19,—Effect of chaok valve on stem lift. Tnba dfsmeter-o.1~ In@, tub length=34 lrIahw orffkx diameter-O.OZOlneh; pump speed-750 r. p, m.; valve ‘
dosing praswre=2,@X lb./aq.In.

discharge oridce and with a constankdroke fuel pump,
the injection characteristics during the injection period
are independent of the throttle setting, and that once
the injection characteristics are determined for full
load they are determined for all loads. This is in

the drop in pressure after injection started. Alexander
(reference 21) also noticed this phenomenon and attrib-
uted it to the volume change in the injection vrdve
as the. stem lifted. The author of reference 26 drew
the same conclusion from the records of the movemen~
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of the stern of an automatic injection wdve. Figurg SincS it ie assumed that the injection period in sec-
18 shows that the droD in mxssure is espltied bY the

------
-endsis to be constant over the speed r~me, it is neces- .—._

pressure-wave phenomena.
??tTect of the check valve.-1t was found extremely

important to have a check valve between the fuel
pump and the injection tube, although the type of
check valve was not so important provided it was
light and did not restrict the fuel flow. M low-speed
operation (470 r. p. m.) there was little difference in
the injection characteristics with or without the check
wdve. Hovve~er, as the speed of the pump was in-
creased, there proved to be a critical speed above which
the injection characteristic with and without the
check valve were materially d&rent. Figure 19
shows two stem records taken under the same condi-
tions with the exception that the check vaIve was used
in obtaining the upper record, while no check valve
was used in obtaining the lower. An examination
of the lower record indicates that injection started
about 0.001 setond before the start of p-ure rise
designated zero time. With a 70-inch injection
tube no injection took place without the check valve,
although it did when the check vtdve was in place as
is shown in F~e 14. Three d&rent check vakes
were employed; first, one with a small odlar beIow the
seat, QSE shown m Figure 4; then, one with no collar;
and holly, an ordinary balkheck valve. The first
two gave virtmdly the same results. The balkheck
-valve gave an injection period equal to- that obtained
with the other two check valves, but the maximum
stem lift was less, indicating a restriction ta fuel flow
past the ball. Th& conclusion to be drawn from the
figure is that for high-speed operation some check
should be provided to prevent all the fuel under
pr-ure from leav@ the injection tube when cut-off
occurs rit the fuel pump. Although a check valve is
the simplwt method of accomplishing this, the same

sary to use a vmiable-velooity pump sw that the low
velocity range with respect to pump degrees can be
used at the high speeda and the high velocity range
with respect to pump degrees can be used at the low
speeds. If the injection period is to be kept constant,
the mean veIoci@ of the pump pl~-er during the in-
jection period must be kept constant regardless of en-
gine speed. In order to maintain the inertia forces in
the pump at a minimum value, a conatanhaccelera- ,
tion cam is employed. The vohune vdoci~ B with
which the fueI is displaced by the pump at any time t
is given by the equation

B=Afi (50)

in which j is the acceleration of the pump plunger in
units of length per second per second and A the area
of the pump plurger. Since

f= 36n’LY ~52)

in which a is the pump-plunger acceleration in units of
length per degree per degree and 6 is the angular rota-
tion of the pump in the time t. Substituting in equa-
tion (50)

B= 6nAm3 (53)

Since a is con&ant, the mean velocity between any
two angk 91and O*is given by

Bm= ;6nAcz (6,+ d,)” (54)

Let 81represent the angular position for the start of in-
jection and G the position for the stop of injection.
Then, since the time of injection is to be maintained
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remdta can be obtained by the .We of a l@I-P@I~ i Comtant,
pressure under which the fuel E fed to the m]ection ; 132-el_k

.-

Pump, or possibly by the use of a restriction to flow I 6n (55)

k &-eby-pass valve. The last method is not recom-
mended since the chance of obtaining pressure waves
of sufficient magnitude to open the injection valve
before the by-pass vidve is closed are increased by any
restriction to the by-pass valve flow area.

APPLICATIONOF THEORY TO PUMP DESIGN

In the following paragraphs the preceding theoreti-
cal andysia with the modifications based on the experi-
mental data wiIl be appIied to the design of a fuel
pump required to meet a definite set of conditions.
@ TO DESIGN A PU31P TO GIVE TEE SAME lNJEOTION PERIOD IN

SECOh~S AT MAXIMUM AND 3~13SUM PUMP SPEEDS

Assume the following requirements:
Range of pump speeds-250 r. p. m. to 1,000

r. p. m.
Fuel quantity to be injeoted-O.010 cubic inch.
Period of injection-O.0025 second.

in which k represents the injection period in seconds.
Solving equation (55) for 6, and substituting in equa-
tion (54)

B== ; 6nAa (261+ O&) (56)

Solving for 81and 8,

(57)

(58)

Equations (57) and (58) gjve tbe c~ positions for the
start and stop of injection at any pump speed n.
The value of a is determined by the maximum accelera-
tion permissible in uniis of length per second per second
for the I@hest speed at which the pump is to be driven.

._—.

..—
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Let ill be the maximum pump speed and i’? the mini-
mum pump speed. Let b be the highest permissible
acceleration in units of length per second per second.
Then

b=36Wa (69)

The maximum angular displacement 0. of the cam
during the upstroke of the pump plungti is 19zfor the. .
minimum r. p. m.

Substituting for a the value obtained
(59)

o.= 6~W8+4Nk

The lift=uf the plunger H for &is

H=;cd.’

(60)

from equation

(61)

(62)

If it is assumed that the decekration of the pump
plungar is equal in magnitude to the acceleration, the
total lift of the pump plunger is equal to 2 H.

Assume that the maximum permissible acoderation
of the pump phmger is 10,000 inches per second per
second. Substituting in equation (59)

10,000=36 X100@Xa

a=2.78 X 10-4 inches per degree 2

Assume that 131for the maximum speed is 5°. The
value of B. is equal to the total fuel quantity divided
by the time of injection,

0.010
‘m= 0.0025

= 4,00 CU. in. Pel’ second

Substituting in equation (57)

The
in.

The

4.00
5=6x 1000A X2.78X 10-4–3X 1000x0”0025

A= O.1918 sq. in.

diameter of the pump plunger is, therefore, 0,494
The value of 6~is now obtained from equation (61)

0.=
250;;~&?l;,000+ 3x250 ‘0”0025

=51.9°

lift of the plunger at H is given by equation (62)

H=~2,78x 10-4X51.9’= 0.375 in.

The. total lift of the pump plunger, assuming that the
deceleration is equal in magnitude to the accekdion,

is 2H or 0.75 inch. The dimensions of the pump are
now determined.

The next step is to compute the discharg~orifice
diameter. Assume that the mean injection pressure
is to be 4,000 pounds per square inch. From the con-
ventional flow formula-.L -. .—. _ ...—.. — —

(63).

in whi@ Q is the total quantity discharged. Assume
that the coefEcient of discharge of the orifioe is 0.80.
Substituting in equation (63) i

4
-.

2X4,000
0“010= ax 0“80 0.795x 10-4x 0“0025

a= 0.000498 square inch.

The diameter of the discharge o~floe is, therefore~”
0.0252 inoh.

The minimum dia&eter of the injection tube is
determined from equation (46)

(46)

in which 6nVA is replaced by 3.. The value of v is
detimnined from Figure 28, Appendix 111, At 4,000
pounds per square inch pressure the coefficient of
viscosity is shown to be 0.100 poise which must be
ccmi%rted inti EggIish units. Following the method
given in the section on the “Investigation of the Fte-
eietance to FIow in the Injection Tube:”

=0.0182 inchz second-l.

Substituting in equation (46)

“=500x3;&.0182” ““
==
.—

= 0.140 inoh.

The length of the injection tube depends on the length
of tubing required h connect the injection pump to
the injection valve mounted farthest from the pump,
It will be assumed that this length is 30 inches.

The test rwdte have shown that a high injection
vahe closing pressure eliminates secondary discharges
from the system. If the injeotion valve opening pres-
sure and cloaing pressure differ by a small amount,
there will be Iess chance of the initial pressure waves
preying ineuflicient to open the injection vaIve, The
difference between the injection valve opening and
closing pressures should be such that in every case the
initial wave will open the injection valve. Con-
sequently, the difference should be less than the mini-
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mum value of ~. The minimum value occurs at the
start of injection at the maximum sp~ and is equ~ to

PMl==0.795 X 10+X5.96X 105Xal

= 4.74 q

But ~ is g&~ by

V,= 6nvx$

in which V is given by

V=a 9
=2.78 X 10-4X 5
= 1.390x 10-s

0.1918
Vl=fj X 1000x 1.39X 10-*X0.0154

= 104 in./sec.
psu~=4.74x 104

=493 lb. per sq. in.
+500 lb. per sq. in.

The maximum value of pavloccurs at 19Zfor the maxim-

um r. p. m. Thevalueis equal to$x@~=~ x493

or 1,970 pounds per square inch. The mean vrdue of
,.

1,970+493 = ~ ~30
~ is, therefore, approximately ~ I
pounds per WUEbrCinch. The mem inj~tion pressure
b been assumed to be 4,oOOpounds per square inch.
The injection valve cIosing pressure, assuming that a
check vaIve is empIoyed that maintains the closiIIg
pressure in the injection tube at the end of injection
fi be 4,000– 1,200=2,800 pounds per squme inch.
The injection valve opening pressure mill, tharefore,
be 2,800+500=3,300 pounds per square inch.

The value of 191was assumed to be 5° at 1,000 r. p. m.
From equation (55) it is seen that& equals 61+ 6nk or
20°. At 250 r. p.m. & has already been determined
(51.90). Consequently, since f?, equaIs 19,-6nk, & at
250 r. p. m. is 48.1°.

The known conditions me now:
Pump plungm diameter-O.498 in.
Pump plunger acceleration-2.78 X 10-* ‘in. per

degree per degree.
Injection tube diamet~.140 in.
Injection tube length—30 im
Discharge orifice diametti.0252 in.
Coefhient of discharge of discharge orifice-

0.80.
Iijection vaIve opening pressure-3,300 lb. per

Sq. in. *
Injection valve closing preasure2,800 lb. per

Sq. in.
Injection stwk5° at 1,000 r. p. m.; 48.1° at

250 r. p. m.
Inj@ion stop-20° at 1,000, r. p. m.; 51.9° at

250 r. p. m.
Check valve employed between pump and

injection tube.
The instantaneous pressures are n=t determined.

Since the operation covers the high-speed range,
equation (39) is used, neglecting all preure waves
after the second reflection at the discharge oriiice.

The value of L/s for the 30-inch tube is 30/59,600 or
0.000504 second. At 1,000 r. p. m. this corresponds
to an interyal of 3.02° and at 250 r. p. m. to an int@r-
vaI of 0.756°. In cohmm I of Tables I and II for 1,000
r. p. m. and 250 r. p. m., respectively, me tabtiat~ tie
vahuw of time in seconds; in column 2, the vahm of
time in L/s seconds; and in column 3, the values of
time in pump degrees. h column 4 the total angular
displacements are tabzdated. The velocity of the
pump plunger v, for corresponti pump angles ie
equal to 6naf?. The velocities are t.abuIatedin cohmm
5 in units of inches per degree, amd in column 6, in
units of inches per second. The values of rl are equal
b u~/T. They are tabulated in column 7. The
waves originating at the pump phmger are equivalent
to PSVI. (Cohmm 8.) Since these waws reach the dis-
charge orifice L/s seconds later, the same values are
tabulated in column 9 for PWj< but displaced a time

●

interval of L/s seconds.

—.-—

.-

.- v—

— .—

—

,-=

-——
----

..

.
.—

.—.



642 REPORT NATIONAL ADVISORYCOMMI@fTJtiFOB AERONAUTICS
.=. ,. .==7

TABLE I ::

INJECTIONPRESSURESAT 1,000PUMP IL P. M.

. .. ..___

-... .—.—. .—

,.— .—

..—.>- —
.-.

0 ‘o o ‘6 I 39 &u $ ‘& ‘ &mo ‘ ‘ qialo ‘

262 0.6 L 51 6.61 L 31 10.9 13a 240 –g m %WJ
—

&04 1.0 3.02 &02 223 13,4 107 700 490
$% ~~ asxl

2,e30 -61:

.

..—.
17.MI 1.614. *19.63126 S116.91 lasl 9401 64013,4401 I&r.@ol I &950I I -420 I

+---

-390

-WI

%676 -140
~ ~ — — —~ —

17.64 8.6 10.67 16.6i” 4.34 m. 1 m“ 1,E40 1,2z—
. -

.20.16 4.0 12.w 17.03. 4.76 23.5 w 1,6s0 1,390

2268 46 13,69 la 59 &17 al. o M6 1,830 1,640
.. —

H+k-1=-K--l+W-Hk-l*k=-kA4+
13&2sl 7.o12L161xL1610 10 I 01 01 olamo13,2201 a3Mli%64011, wo Iassol-’axll .—
197.3017.6122 M! 27.6610 ~0 I 01 01 01 ZW18, W012, W018, WILW IZ3S0 I-9001

HW+W---lt-+i++-&?&?...;:.L::..%t%i%-l-.-:--—....—

—. .—

.- .—.
TABLE II .-

INJECTION PRESSURES AT-250 l?. P. M.
.

1 a z 4 5

- “ ~;

a 7
. —.

t t t t v.
WC.)(1W Lf8sac deg. ~:gd (hx/yyJ &#c. in.~.

o 0 0 al L 34 %2 262

262 – 0.6 .38 49.6 L 86 20.8 233
-

&04 Lo .73 43.9 1.36 m4 !254

7.56 L6 L 14 49.2 L 37 32.6 256

——-— ,-

m+w Pb+tiNl
,L

pm l-i
-7 , lb&.i

lb~.f ~: “lb./ln.: lb.1in.1 Ib-@wi
lb./ln.*

A B A B A“ B

1,lm o &m ZWo %Wo

I, m o 2,@Jo %mo &6m

2,m ~~ 2,w
1,!2m 1,lW 8,w &960 -xl

1,210 1,m 4,m 6,m 3!636 - -20 I
—.—

1,m 1,‘m qam “ 6,ZJl 3,Wl ‘ -m

1,230 1,210 4,010 5,m qoal -10
1,240 1,ml 4,m Lw 6,240 &m 4#020 tom o

—.
17.64 3.6 266 &2.8 L41 2L 2 %

20.16 4.0 &09 6L .2 1.42 2La 226

!22.68 4.5 3.46 61.6 L 43 2L 6 2’8 +

1,250 1,!233 4,(@3 4,w 6,2%-J 6,6VJ 4#040

1,200 1,2.40 4,Q4Q 4,w &m 6,WI 4,06u

1,270 1,2YI Aolm 4,O(XI 6#3Cn 6,323 &llSo

-%-t+ —.
4,070 I xl

--+

&om 40

4,070 50

4,070
1,WI 60

I ~.~ ~6 4.18 62.3 0 0 1“ o
l—

kkk- +-1+1-+-R01 012, ti14,0701zm l!4,74011,!3cIlll,3401-lml
1

3h29 7.0 h32 63.4 0 0, 0

37.30 7.6 k 70 ~8 o 0 0

-—

-.1.......4– ,.h 1,! —.— :.. A.
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To determine the values of the back-rushing waves,
the graphical method is used. The range of values for
PI is from 104 inches per second to. 416 inches per
second. From equation (29), neglecting p:,

i’”
()

Pz-gt. !? ~ (29E)

= 0.795x 10+X
(

0.0154 2,,
)

I

2 0.000498 X 0.80 ‘2 i=0.0597 #

In Table 111 are tabulated the values of ~, p,, .spt~,and 1
pz+.sp%.

TABLE III

COMPUTATIONOF ~ &s~

1 s s 4

fn&. Ibjk.f IbW$# l&~y#

1(HI WI 470 l.oio

m Z3W 953 .3,a40

m 4W L* &w

400 &w L& lL 4S3

530 Iq 940 am 17,810
. .

;
From Table III the curve of pz against p~+s~ is ~

plotted. (Fig. 20.) It is also ,tie curve of p~-l- I
f?spn”, ,. in which v“, , is considered as the effective I

t—: t-:

docity of all onmshing waves.

In cohmm 1O-A, Tables I and II are tabulated the
V&hIeSOf p~ + 8~t_& . This column is completed for

*
d time intends, since the waves are considered as I

being destroyed after the second re&otion. In
column 11-A are tabulated the vahms of Pk -1- 2sp~_L

From coI&n 11–A and Figure 20 the values of p~ ~e
determined. (Column 12-A.) The reflected waves
– W are equal to cohmm 1O-A minus column 12-A.
They are tabulated in column 13. The rekted
waves” me then added to pt+ sp~ ~ at a time 2.L/s

seconds after they appear in cola 13. (column
1O-B.) Twice th? vahms of the refiected waves are
added to column II-A in the smne manner to deter-

lime, second
FIGURE2L—R&elm d ~wdam at LualimRmMd mblb.uunlpump

‘[T-%t-:)1 ‘Co’m
the same as pk+ 2

11-B.) The corresponding values of p2 are entered in
cohmm 12–B. Col&m 1~–B represents the instan~
taneoue pressures.

h Figure 21 the instantaneous pres5uree are plotted
against time for 1,000 r. p. m. and 250 r. p. m. It
is seen that the cur%es are not the same, since the
acceleration of the puinp plunger with respect to time
vai-ies as the square of the pump speed. (Equation

~me, secanci
WJuB13x?.-mh of fuel dkharge at Indmnnl and mhd.mum_

(52).) Furthermore, the time of discba~e is ~eater
at 1,000 r. p. M. because the pressure at the end of
injection at the pump is higher at 1,000 r. p. m. than
at 250 r. p. m. Siice the pressure returns to the
injcwtion valve closing prw.mre, that is pk, the fuel
quantity discharged is equal to the fuel quantity
disp~aced less the losses due to leakage, which are
included in tie assumption that the waves are dissi-
pated after the second reelection. The rmulti show
that although the desired conditions are not exactly
obtained they are closely enough approached for prac-
tical purposes.
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At 1,000”pump r. p. m. the prewnuw during the
start, of injection fall below-the injection valve clos-
ing pressure. Ihder these .circumstwces the injec-
tion valve might or tight not close, depending on the
inertia and on the period of vibration of the injection
valve stem and spring. IIowever, in order to avoid
a possible closing, it would be bethw to retard the start
of injection at 1,000 r. p. m. & few degrees past the
original start position of 5°, and also to retard the
stop of injeotion accordingly. It must be rememb-
ered that the by-pass valve does not open instan-
taneoudy at the end of injection, as is assumed in the
computations, so that the abrupt drops shown in the
two curves do not occur. Instead, the phenomenon
is dected by the rate of opening of the by-pass vaIve,
so that, although the pressure falls rapidly, there is
an appreciable time requir~ for the effect of the
pump plunger motion at cut-off to disappear.

Figure 22 shows the rates of fuel discharge at the
maximum and minimum pump speeds. Since the
rate of discharge varies as the square root of the
pressure, the curves show ks variation than the
pressure curves.

(b) TO DESIGN A PUMP TO GIVE A DEFINITE RATE OF FUEL
DISCHARGE

Assume the following conditions:
Pump r. p. m.—l,5OO.
Fuel quantity to be injected—0,00030 lb.
Average injection pressure-4,000 lb, per sq. in.
Inje&ion period-15° pump rotation.
Injection tube length-20 in.
CoefEcientof dischargeof discharge orific-O.80.
Rate of fuel injection-see Figure 23.

I

Free, seixmd

FIGURE23.-Aseumed rak of fuel discharge

The diameter of the discharge orifice is determined
by equating the mean velocity of flow through the
discharge oriilce multiplied by the time of injection h
the totaI quantity discharged. Since the total quan-

I

I

I
I
I

I

f
t

I

I

COMB!ITTEE FOR AERONAUTICS

1

i

i

tity Q is equal to the totaI weight m, divided by the
density ,— ..—

(2-

4,dm@‘
P

(63)

.——...—
(64)

Substituting the numerical values

3.OX 10-4a=
15

~
2 X4000 ““”“=’””-:

0.0307 x ‘.*ox 6 X 1500 0.795X 10-i. ,.

= 7.32X 10-4 ins.

Solving for d, the diRmeterof the orifice,

,d=O.031 in.

The diameter of the injection tube is obtained from -
equation (45)

—.-
(45a) “–

But VZthe velocity in the injection tube at- the dis-
charge otice, is given by

(65)

The ‘maximum value of o, occurs at-the end of the
injecti-on period at which time ac~p
Figure 23 as6.87cublc incbsper second.

in eqiiiation(45a) andsince T= ~D2

D= 2000X 0.0251.c
6.87

.-.--; :D2

=0.175 in.

T= 0.0241 sq. in.: .. . .

is given from ‘“
Substituting

—

..

in w~ch 0.0251 is the kinematic viscosity at–4,000
poun7is per square inch in units of inchesz seconds-l
obtained by the method given in Appendix 111. Al-
tho@h the maximum pressure in the injection tube
will @greater than 4,000 pounda per square inch, the _~ “ ‘~-
tube diameter determined from the- average pressure
will be sufficiently accuratm It is noticed that D is ._.
dete@ned from v2.instead of %, the velocity relative
to the pump plunger as .is given .in Appendix III.
Consequently, when the maximum value of h is deter-
mined, it will be necessary to determine the pressure
losses from equation (47). If the losses are large the
computations must be repeated for a new value of the
injection tube diameter.
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The -relocity 01at the entrance of the injection tube
is determined froLuequation (25)

(25a)

in~-hich OH1is the sum of the velocity originating at
the pump phs that of the retlected wave. Solving
for IF,

In column 1 of Treble IIT the time of injection is
divided into intervals of L/L?,20/59,600, seconds. The
corresponding times in pump degre~ am tabulated in
cohmm 2. The corresponding rates of discharge
obtained from I?igure 23 are displaced L/sseconds and

The values of U’l are now computed and tabulated in
cohmm 6.

The velocities n at the entrance to the injection
tube are determined from the valuw of v’1 and equa-
tion (32)

W=8@Z-8@’, ~ (32a)
t-;

in which W represents the wave reflected from the
discharge orifice at the time under ccmsideration. The
value of W also represents the reflected wave which
again reaches the discharge orifice 2L/s seconds later.
The values of – W me entered in column 7. The com-
putations show that - W is negative at times of 1.0
and 1.5 L/g seconds, since at both these times til is

t–L\8
Iesethan 82 This negative value would redt in an
irreguIar cu to compensate for the wave of rare-

TABLE IV

COMPUTATIONS TO DETERMINE VI

1 z 3 4 6 c 1 8 $ 10

. —

,
n’

~f=. & lbj%.f &$. b-% I&z. L&c. S&0 &

— —

o 0 (l o !&m o 0 0

0.5 L6 o 0 aom o 0 0 210 L~

1.0 3.0 &m m“ &7EQ 180 –lm o 240, &36

L5 46 &m Zll &vao .310 –5 210 m &al

20 &l 6.28 219 & 240 240 100 !24a 302 kn

2.6 7.6 6.4s 227 3.420 m m m WI .%39

3.0 9. !2 5.69 236 3740 302 320 m 351 lam

3.5 n? 6.30 244 ZWO 336 440 w 304 11.i%

40 12.a 6.09 2M 4310 m 659 351 m 13.42

45 18.8 &n 261 &alo 405 36L 386 15.10

5.0 16.8 6.60 270 Am 441 an w Ia 73

5.6 168 6.70 m &m m w o Ia46

6.0 10.3 6.10 X.6 &m 510 394 0 2tL13

tabulated in cohmm 3. Column 4 contains the values
of al obtained by dividing the rates of discharge by the
area of the injection tube. Column 5 contains the
w-dues of pz obtained from Figure 23 and equation
(63). The value of p.—the injection valve c~osing
pressurdependa on the value of the injection valve
opening pressure. An opening pressure of 2,600
pounds per square inch is chosen, 150 pounds per square
inch 1sssthamthe initial discharge pressure. The clos-
ing pressure should be suilkiently high so that the
values of m are not excessive, but at the same time the
c~osingpressure must be low enough so that the d&r-
ence in the forces on &e injection vaIve stem before
and after the injection valve has opened is sufhient
to assure a rapid movement of the injection valve stem.
A value of 2,ooO pounds per square inch wdl be used.

.—

.—

——

faction. To avoid this it is advisable to start injection
later. At the time of 1.5 L/.2 seconds the negative
wave is negligible so that injection wiU be started at
this point; that is, at 0.5 Z/s seconds at the pump.
Substitution in equation 41 shows that the vrdue of
01 for no reflection is 212 inches per second, approx-
imately the value of% at 1.5 ~/8 seconds. The vahma
of ?)1

t-*
, cohunn 8, are obtained by dividing the

value – Wwhich occurs 2L/s seconds edkr by ps and

subtracting from the values of Oml
i–m

VkJIda ~=361 i@eC.
‘405–4 74

.—
—

.,_J

—

r

—
.—

-—

The vahms of q are equaI

occum L/s seconds emlier.
t-w, but “to the values of G

They are correspondingly —.-—
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entered in column 9. In Figure 2Athe values of q
are plotted against time in seconds.

The diameter of the pump plunger is determined
from the perrnksible accderation and from the curve
of 01 against time. To determine” the acceleration
relative to the velocity in the injection tube, the

8
$
,+
s

o .Oaz .C004 .Cws .az% .0010 .CJX2 .0014 .00/6
The, second

Floum 24

equation of the curve in Figure 24, in which zero time

equals 0.5 L/s, is determined by assuming that the
curve is of the generaI form

tj=A i3+CP+(3t+I (67)

in which 1 is the value of al for f= 0, The solution of
equation (67) is dbtained by solving three simultaneous
equations in A, C, and G. A fourth equation is not
needed since I is determined directly from the curve.
Any three sets of values for q and t may be chosen.
It is, however, advisable to choose valuea fairly well
distributed along the curve. For vahma of time of
0.0004,0.0008, and 0.0012 second the equatiom become

285= 64X 10-”A+ 16X 10-@+ 4X 104G+210

340= 512X 10-”A+ 64X 10-@+ 8X 10-’G+210

375= 1728X 10-’2A+ 144X 10-0+ 12X 10-4Q+210

co MmT’TWEl?oR-’MRONAUTKX
. . >- —_

Solving for A, C, and G

A-o . --

C= – 0;625 X 10s ..

G=21.3 X 10’

Substituting in equation (67)

:*,. %=–O. 625x 10~+21.3X10%+210 (67a)

The equation for the accekration is obtained by
takir.@ the first derivative of VIwith respect to t —

%?
=–0.313X 10si+21.3X10~ (68) ,.:

The rn&imum value of acceleration occurs at #=0 and --”
is equal to 213,000 inches per second per second.
Aw~e that the maximum permissible acceleration of _.
the pump plunger is 24,000 inches per second per
second. The ratio of the pump plunger area to the
area of the injection tube must be 213,000/24,000 or

8.87. The plunger area is, therefore, 8.87X ~ 0,1751

or 0.213 square inch. The diameter of the pump
p]UllgSris 0.521 inch.

The equation of the lift of the pump phmger is
obtained by dividing equation (67a) by 8.87 and
integrating between the limits t. and t

U,=–0.705X 107t’+2.40 X104t+ 23.7 (69) ‘:
iS=-2.35x lo’ f’+1.20x lo’t’+23.7t+s@ (70) ‘--

in which v. is the velocity of the pump plunger, S tho
lift at any time t,and S0 the lift at the start of injection.
The Iift of the plunger during injection is obtained by
letting t equal 16.7X 10 ‘1 second .-

S= 0,0621 inch
The tctd fuel quantity displaced during injection is

,Q=O.213X0.0621.,.-
. = 0.0132 cubic inch



APPENDIX I

SAMPLE CALCULATIONSCONSIDERING COMPRESSIBILITY BUT NEGLECTING PRESSURE ~A,VES

Consider the folIoting experimental conditions:
Pt-2,850 lb. per sq. in.
L-34 in.
T’.O148 sq. in. – 0.138 in. diameter.
.4-0.0985 sq. in. – 0.354 in. diameter.
n—750 r. p. m.
-@.0307 lb. per cu. in.
@.0307/(32.2 X 12)=0.795X 10_’ lb.sec2 in.4
a-O.000314 sq. in. – 0.020 in. diameter.
C-O.94.
l&284,000 lb. per sq. in.

Let the motion of the injection pump plunger be given
by Figure 5. The vohme of the injection t;be is
0.509 cu. in. The displacement vohme of the pump
from the start of the injection to the top of the pump
stroke is 0.027 cu. in. The total volume is 0.536 cu.
in. This vohnne will be Considerd ta be 0.552 cu. in.
to correspond with the experimental results already
presented. As the tube vohune is considerably greater
than the pump volume, equation (6) is used. The
due of eb—8=is taken as 2°. First the constants of
equation (6) are derived.

r dacl f=3.14xlo-’xo.94 2
0.795 x 10+

=4.69 X 10-2

y=2.20 x 10-s

12n R,
fib-&Z= 122X:;:4XO:52 = 0.875 X 10-9

t

144n1AVR8 12nR0
[“6,– (?JE = (6,– 13JEX 12 nAV= 0.875 X10-2

X &OOOXl@XO.985X 10-lV
E7.76V

144 @R?
~Ob– e.)wp= =4(0.875 X 10-’)~g= 0.765 X Io-’pa

,l~b = –4.69x10-a+-j2.20 x10-8 +7.76 V+0.765p=x10_’
0.875 X 10-2

= –5.36 + ~2.88X10+ 1.015VX 106+pa (6)

The difference in RRat the start of injection and Re
at the end of injection is 0.024 cu. in.; this difference
of 4 per cent of the total vohnne is negligible.

Equation (6) is now sohd for the various values
POin terms of V and p=. First tabulate in column I

of
of .—

Table V the VSIWS of 8 taken at 2° intervaIs. In
cohunn 2 tabulate . the total pump displacement,
COhunn 1 phIS 132°. ln cohunn 3 tabulate the values
of V obtained from Figure 5 and cohunn 2. Cohunn
4 is the product of V and 1.015X 10s. To cohunn 4 is
added 30 (30 is used in pIace of 28.8, since the values
are computed to the closest 10 lb. per in?), the fit - “-
term under the radical in equation (6), cohunn 5.
To column 5 is added p., remembering that p= is equal
to pb for the time interval 2° earlier than that under
consideration. Column 6 for 6= Ois the injection valve
opening prewre, which is &o phfor O= O,so the actual
caIculationa start at.@=2°. Column 6 at 2° is, there-
fore, 2,850 lb. per sq. in. plus 730 lb. per sq. in. or
3,580 lb. per sq. in. In cohnun 7 is tabulated the
square root of column 6. In cohmm 8, 5 is subtracted
from cohmm 7 (5 is used in pkme of 5.36 since the
accuracy of the computations do= not warrant the
extra iigwres). Cohmm 8 is, therefore, the square root
of pa. The VSIUSSof cohmm 8 squared are entered as
ph in coIumn 9. This process is repeated in each case,
using for p= the preceding vahe of pa untiI the injec-
tion proce& is completed. The results of Table V
are pIotted in Figure 25.

The total fuel quantity discharged up to the yoint
of cut-off at the pwhp is equal ta the total fueI quan-
tity displaced les the fuel absorbed by comprdon.
The fuel quantity displaced is 0.0985 inz X 0.24 in. =

—
-...

—

.—

.—

.-

-.

—

~ 0.0234 cu. in. The fuel absorbed by compression is
\ equal b the fired pre&ure minus the initiaI prcsmre

multiphed by the total vokne divided by lZ Aasum-
~ ing the ititkd pressure was 2,OOOlb. per sq. in., Q=

—
.-

: (3,360 –2,000) X2~~o~oU0.0026 cu. in. The total
I

quantity discharged is 0.0234 – 0.0026 =0.0208 cu. in.
In the cakmlation of Table V it was assumed that

—

the pressure in the injection tube before the start-of
injection was close to the injection valve opening pres-
sure, and, consequently, after the by-pass valve closed,

~ a negligible part of the motion of the pump phmger
! was necessary to raise the pressure to the injection
! valve opening pressure. under these conditions it is
, necessary to have a check valve between the entrance

..
.-
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to the injection tube and the fuel pump so that the
preesure in the injection tube can not drop b atmos-
pheric when cut-off occurs. Evaluating equation (11)
for the conditions under consideration,

[

2,84X 10UX2,95X 10Xt *
P= m– 0.629 X 1.26X 10-s 1

=169.0– 1.26X I@t]’

Taking t in intervals of 2 pump degrees (0.00044
secund), Table VI is obtained. If it is further aesumed
that the closing prwmre of the injection valve is
2,OOOlb. per sq. in., the discharge from the vaIve
stops approximately 8 pump degrees after cut-off at
the pump. The results of Table VI are also plotted in
Figure 25. Since, at the end of injection, the pressure

I

has dropped to the inithd pressure, the total discharge
is equal to the total fuel quantity displaced, but the

< 7ime, second

FIGUBE25.—Instantaneonepresmrw computed fmm equstlone
(8) and (11). Tube ler@h-34 Inohea; pump epeed-781

‘r. P. m.; orIEead!ameter=.O.~ inch

injection period at the dischaxge orifice is 8° longer
than at the pump.

TABLE V

COMPUTATIONS ACCORDING TO EQUATION (6)

L1‘- --
1 .? 8 4 6 e 7 8 9 10

. — — — — — —

o Total v (tn./ 1.015;10$
dw. de@XIO~ (W+ P.+(O %@) G lb~j.1 &y:@

— — _

o la2 6.6 670 700 Zaao o

2 134 6.9 700 720 66$6 w 65 & 010 44

T 136 7.8 740 x & 76a 01 M & 140 a9

6 138 7.8 m 824 &ee41 63 68 3,362 13.8

8 140 a4 860 SW ~ 240 66 Ml s, 6UI 17.8

10 142 a9 mo 936 4630 67 62 3,340 %4.2

12 144 9.4 960 Wo 4#8al 00 64 & lW 28.6

T 146 9.8 WI 1,020 q120 72 67 &600 al, 1

16 143 9.8 Wo 1,626 &m 74 09 $760 36.6

18 160 9.6 mo 990 & 740 70 71 &mo 40.0

22 162 a9 Ooo 924 qQeJl 77. 72 1$240 44.4

22 164 %2 w 300 & 024 73 73 5660 48.8

24 Ita 7.2 m 7m ~ 110 78 73 haao &as

26 I= &8 840 670 6020 78 m 5360 67.7

a 100 5.4 6tJl 6S0 b 960 n 7% 5,mo 62.2

30 182 4.0 470 m 6,700 76 71 &oail M.6

.32 184 2.8 326 m 6,470 74 69 h 7!!4 71.1

TABLE VI
—

COMPUTATIONS ACCORDING TO EQUATION (11)

1 8 8 4 & e
— —

~e$lSaxlw DW . *.28MW_$j ,b$m,
_ —

o 0 lt?4 o 4 7&a
44 2 106 6 02 a,900
8.8 4 188 11 68 a,m

la.2 “6 170 17 52 K700
17.6 8 172 22 47 Zm
Zzo 10 174 28 41 1,700

. —.. —

—... —.

-.
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TABLE VII

COMPUTATIONS Ok’INJECTION PRESSURES ACCORDING TO EQUATION (16)
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&o $:
&6
0.0 &f
0.5 .

7,0 89.Q
7.6 428
8,0 4.5.7
Kll 41L6
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TABLE VII—ContJnuecl

COMPUTATIONS OF INJECTION PRESSURES ACCORDING TO EQUATION (15)—Continue~
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Consider the conditions
and (11) were evahated:

P~—2,000 lb. per sq.

APPENDIX II

SAMPLE Calculation?CONSIDERING PRESSURE WAVES

under which equations (6)

in.
>34 in.
T4.0149s sq. in.
.4—0.0985 sq. in.

$-6.6. .
n—750 r. p. m.
@.0307 lb. per cu. in.
P-O.795 x 10- lb. sec.~in.+.
a-O.000314 sq. in.
C-O.94.

&50.s.

&--59,6 (JOin. per SeC.
~sing equations (14) and (15):
Tabulate in Table VII, column 1, the time in units

of 0.5 L/s in which

L 34—= — Sec.= 0.000572SW.
8 59,600

(any multiple of L/s 1sss than 1 couId be used.) In
coIumn 2 tabulate the time in units of seconds. In
cohunn 3 tabuIate the time in units of pump degrees
from th8 equation

8=6 nt (51a)

in which 8 is the rotation of the pump in degrees and
n the pump r. p. m. From Figure 5 it is seen that the
by-pass valve closes at 132 pump degrees; conse-
quently the tottd pump rotatio~tabulated in ccdumn
4-for any time is 132, phs the corresponding -due
in column 3. From column 4 and Figure 5 the pump
plunger velocity is obtained in units of in. per degree,
and is tabulated in c.ohnnn 6. The velocity is changed
to units of in. per second by multiplying the values in
column 5 by 672,cohnnn 6. By muhiplying the values
in cohmm 6 by A/T, equation (19), the cmmsponding
dues of a~ are obtained, cohnnn 7. The vahs in
cob-m 7 are muUiipIied by 8P to obtain the values
of the waves originating at the pump plunger at each
time ordinate, cohunn 8. Since each wave reaches the
discharge ofice Lla seconds after it originates at. the
pump phmger, the values in column 8 are t.abuIatedin
column 9, but displaced by a time interwd of L/g
secands. Column 9, therefore, represents the values of
F(t– L/s) in equationa (21). By adding these values

topk the effect of the oncoming wave originating at
the pump phmger phs the. static prcsarre in the
injection tube is obtained, column 10. The vaIues are
tabulated again in cohnnn 1l–A. The next step is to
obtain the vahe of the back-rushing wave IT’. The
graphical method is used. From equation (29)

op2–pz=P~ T 2
2 s a—c

Neglecting pZ

(29)

0.795 x 10-4
p2= ~ 50.8Zo%= 0.1027 tiz,

From Table VII it is seen that the mtium value of
Q is 295 in. per swxmd. Consequently, p, is evaluated
for values of% up to 300 in. per second. From these
VSIUSScorrmponding dues of pa+ qw~ are obtained.

TABLE VIII

COMPUTATIONS OF

(Table VIII.] The curve in Figure 26 for spr, against
p, +s~ is plotted from Table VIII. Since p~+ SPG =

p&+ 2-SPU1 = (equation 25), this is also a curve Of SPlh
in

against pk+ 2spq ~. In cohmm 12-A are tabulated
t-~

the velue9 of p.+ 2SPCI~from the sum of column 11
-z

plus Cohmm 9. ‘i15th these values of p,+ 2SPF;= the
7“

corresponding YSIU= of sprz are obtained from the
curve in Figure 26 and tabulated in coIumn 14-A.
Column 14-A represents the part of the oncoming wave
paulwhich is lost to discharge through the discharge
orifice. Therefore, the refiected part of the oncoming
wave is column 14-A minus column 9. (Equation (32).)
These values are entered in column 15. The value of
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PZ (COIUm 13-A) can now be obtained by subtracting
column 14 from cohunn 12, or by subtracting cohunn
15 from cohunn 11. (Equation (25)). C?olumn 14 can
be eliminated from the computations entiral.y by
p~otting a curve of p2 against p2 +s~ from Table VIII.
The values of Spvl me incorporated in Table VII to
show the amount of the oncoming wave energy that
is lost to discharge. On the completion of the process,

the valuee of p, h column 13-A represent the firsti

three terms in the right-hand member of equations
(14) and (15). At the end of the third phase, t= 3L/s
seconds, the reflected wave from the first phase
(column 15) has again reached the discharge orifice
and must be added to the values of column 11. This
is done in column 11–B, so that column 11–B repre-
sents the oncoming wave during the fourth phase, ard
can be treated as a single wave. Consequently, a
corresponding series of vaIues for column 12 must be

spVz, fb./s~. in

FIGURE26.

obtained (column 12–B) which start at a time of
3L/8 seconds, From columns 12-B and 1l–B, columns
14-B and 16 are obtained. Cohnnn 16 represents the
reflected portion of the wave originating, in the phase
under consideration PIUSthe reflected portion of the
wave reflectid at the dkd arge orifice 2L/8 seconds
earlier. Consequently, if column 15 is subtracted
from column 16, the result is the portion of column 15,
phase of 2L/~ seconds earlier, that is now reflected.
Therefore, the difference between column 16 and col-
umn 15 must always be less than the value of column
15 for a time of 2L/8 seconds earlier.

This procass is continued until the injection procese
is completed. From Table VII it is seen that the by-
pass valve in the fuel injection pump opens, stopping
the injection process at the pump at t= 13L/~ seconds,
so that after 14 L/s seconds, the values of column 9
become zero, If the check valve at the entrance to the
fuel injection tube closes instantaneously, the prwsure

COMMITTEEFOR AERONAUTICS

waves. that are osculating in the injection tube con-
tinue, although there is no reinforcement from the
fuel pump phmger. The injection process continues ~
until the energy of these waves at the discharge orifice
becomes less than the injection valve closing pressure,
in this case, 2,000 lb. per sq. in. The total fu~ _
quantity discharged during the injection process is
obtained, as before, by subtracting from the fuel
quantity displaced by the pump phmger the fuel lost 1
to compression. Since, in this particular case the
valve dosi~ pr~s~e k equal to pt, no fuel is lost to
compression,

To find how an individual wave originating at the
pump plunger losee ite energy because of the discharge
through the discharge orifice, consider the initial wave ,
originating at t= O. The intensity of this wave is
930 lb.. per sq. ‘in. IIowever, 810 lb. pef-”sq, in, of it ‘-” ‘“
are lost because of discharge when the wave first , ,
reaches the discharge ofice at-t= Lfs seconds. The
remaining 120 lb. per sq. in. is reflected to the pump
plunger, and is again reflected to the discharge orifice,
reaching it at f= 3L/8 seconds. Its reflected intensity
is column 16 minus column 15 for t=3L/s seconds,
100 lb. per sq. in. When it again reaches the dis:
charge oriiice, t= 6L/s seconds the reflected portion,
column 17 minus column 16, is 80 lb, per sq. m. On - ‘“
its next reflection it is reduced to 60 lb, per sq, in.,
then tQ40 lb. per sq. in., until at t= 13Lj3 seconds the
original wave of 930 lb. per sq. in. has been reduced to
30 lb. per sq. in. because of the energy lost to discharge. ~
From this point on the wave is neglected as being
negligible.

Froti Table VII a series of curves may be drawn ‘-
representing the pressures at the discharg~. orifice
caused by the various pressure waves as expressed in
equations (14) and (15). First, the static pressure in
the in~ection tube, p~ is plotted. (Fig, 27,) To this
is added the values of F(t – L/s) from column 9 of
Table VII, This curve is designated F(t–L/s).
The reflected portion of this curve is added W(t-L/s).
(Columl 15.) The valuea of 177(t-L/s) again reach
the injection valve zL/8 seconds after they left it.
Consequently, the values of W(t – L/s) are again
added to the curve but offset a time of zL/8 seconds
and designated U(t– 3LJ8), The reflected portion of
U(t– 3L/s), designated V(t – 3L/8), is obtained by
subtracting column 16 from column 16. This process
is continued untd the injection process is completed.
The addition of all the waves constitutes the tot.al
pressure, and is indicated in Figure 27 by the upper-
most line. It is seen that the curve jumps at all
values -of QL[Swhere n is an odd number, but that the
jump continually decreases in intensity. At L/s
seconds after the end of the injection process at the
pump; F(t– L/s) becomes equal to zero, and the curve
has an”instantaneous drop. The injection procees at
the discharge orifice continues, however, until the
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other waves in the injection tube have decreased so
that the pressure at the discharge otice becomes less
than 2,ooO lb. pa sq. in., the injection vtdve c104w
pressure.

The solution of the instantaneous pressure accord-
ing to equation (39) is given in Table 12L Columns
1 to 10 are the same as cohunns 1 to 10 of Table VII.

t=3L/s the jump in the curve occurs, so to column 10
is added the vaIue of – W obtained from cmlumn 14
for the time 2L/s seconds before the time under con-
sideration. Thwe values are entered in column 11
with the two values shown at t= 3L/s moods. Ccd-
umn 12 is now column 11 plus the difhrence between
cohunn 11 and pt. Column 14, as in Table VII, is

o I .? 3 4 5 6 7 8 9 fo Ii !2 !3 [4 /5 16 /7
Tine, L/s second

Fmum Z7.-mmtaoeous pAwsmwImmratad fromeatwtionfWl

W= Ekfleotedportionof F

V= ’”*U

Y=”= ’=x

R-*”’Ii

M- a ‘ “o

Column 10, however, contains in a single column the
sum of sI1 the onrushing waves. In column II for
the time interval from t= O to t =3L/~ seconds the

values of pt + ~(t —L/s) me tabulated as before, and
the results in cokunns 12, 13, 14, and 15 for the same
interval are tabulated as in Table WI. However, at

U(t:+) . W(t: :) -

x(t-6+) - v(:-a~)

K(t-73 = Y(t-5+]

o(t-93 - R(t–7+)

P(t-11 :) d+-+)

++?+,+)

--

.-—

..,.

—

.—

.-.——...—

. ..

—

—

—

-— —..,—
.—

obtained from Figure 26. Column 13, pi, is column
12 minus cohunn 14. In the completed table column
13 contains only the tiaI pressures and not the indi- — .—
vidutd pressures from the various waves. As is seen,
the cabxdations are much shorter and aimpler to handIe
than those given in Table VII. -.——
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TABLE IX

COMPUTATIONS ACCORDING TO””EQUATI~N (39)
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APPENDIX m
SAMPLE CALCULATIONS FOE DETERMUWNG CRITICALINJECTION TUBE DIAMETER AND LOSSES IN TUBE

As an e.xample, consider the fuel injeoticn pump
already under consideration. L&i V equal 0.0079 in.

per degree, approximately the average value for V
from Figure 5. Let the discharge orifice be 0.020 in.

in diameter, 0.000314 sq. in. in area, with a discharge
coefficient of 0.94. In order to determine the value
of ~ the pressure of the fuel must be determined.
This pressure is obtained from equation (2).

18 (AnV)iPpm=
(ac)i (2)

- 18(0.09S5X 750 X 0.0079)2X0.795X 10+=5 ~oo lb
(0.000314XO.94)’ * .

per sq. in.

Hating determined the value of p, the value of ~ is
determined from a preesure-viscosity curve. Figure
28 shows the pressure-viscosity curve obtained by

Pressure, lb./sq in

FmI’EEZ3.-Efkt of PMSLUOamvlscdty of fuel of.I

Hersey (reference 20) for Diesel oiI with a Saybolt
IJnhrersal fiosity of 45 seconds at 80” F. and at-
mospheric pressure. The viscosity at 5,600 lb. per
sq. in. pressure is 0.130 poise, that is, 0.130 dyne
cm.-~ sec. This must be cunverted into the EngIish
s@em. The process is

0.130 dyne sec. cm.q ~ ~81 cm sW ~pg=
9s1 dyne g.-l . .

=0.130 g. cm.-l sec.+

-0-130 g. cm.-l sec.-~ X2.54 cm. in.-l

454 g. lb.-’

=0.000728 lb. in.-l sec.-i

.

The kinematic visoosity is obtained from

v=~=~= 0.0007% lb. in.-l =.-L

P’Y 0.0307 lb. in.-s

=0.0237 in? sec.-l

The critticrdv&city at 76o r. p. m. @ obtained from
equation (45)

2,000 X 0.0237 in? SeC.-l
~k =

D in.

-.-—
.—

- .-

. .

.—

47.4.
-— m. seo.-lD

which expresses ok as a function of the injection tube
diameter. In the case under umsideration

..—.-
—

(46)

I —.

-4500 x 0.0079x 0.09s5
TX 500 X0,0237

=0.094 in.

Expressed as a function of pump speed equation (46)
becomes

D~=
6nX 0.0079X0.0985

500 XTXY

=2.97x 10-0: ‘

In Wgure 29 the tiect of the pump speed on the critical
injection tube diameter is shown, and it is seen that the
maximum value of 11~occurs at 600 r. p. m.

.-

,

)

[ u .27Q 4a9 Em 800 moo
t Pwnp, r.p.m.

-...—

.

.-

—

...+

—.,.

..

..-. .
.——
—

—.—.—
[

Fmcm 29.-EUact & Rnmp r. p. m onorltid injection tubediameter
.-

1 For the pump speed of 750 r.”p. m. the effect of injec- ‘-s-~

i tion-tube diameter on the friction 10SSis obtained as ●
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follows,: The average velocity through the injection
tube is expressed by the relationship

A ; 0.3548
?.&. — 6nV= “X6X750X0.0079

; D2 ;P

4.46.
= — m. sec.-lP

where D is in inches. The coefficient of friction is
obtained from equation (48). Substituting the values
obtained in the previous equations

( )f= O.00714+ 0.6104 ~ D & ‘“m”

()
= 0.00714+ 0.6104 ~ ‘“’W

The value off is determined for each value of D.
The average value of VI expressed as a function of
D is substituted in equation (47) which becomm

The coeilicient j is dimensionless because it is a func-
tion of Reynolds F?umber. Substituting the dimen-
sions of the factors

= lb. in.-a

Substituting the values already determined and
assuming an injection tube 34 inches in length

~= fx34x 19.9XC.0307
2X~X386

[
=9 0.00714+0.614(%)-0”1

-. —..-

The curve of this equation, together with the va~ues
of v~ and vi are shown in Figure 30. It is seen that
Okand Vm intersect at an injection tube diameter of

/200u #o

/0000 \

!\

- 200’

@oo /60
Vm 8

~
<

<
k

\ ,
- f20 ~

$- 6m ii
$ $
& 4020

\\
\ 80

<h

,’
*

2000 40
a \

I
\

.$2 & .06 .08 .10
0

./2
h~ecfh iube dbmefer, mch

lmu= ~.—Efle.otofIdmtioutubedb?me~eronPrmnumIOSML%mfimm~
vdoolty,and orItkd vdodty. OrMm dMmoter-O.021 tnol!; pump
speed-7S0 r, p. m.; tube length-S3.75 Incbea

0.094 inch. The figure shows the high pressure losses
that can occur in the injection tube for small tube
diametem.

—
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APPENDIX IV —

WORK OF OTHER INVESTIGATORS

Work of Matthews and Gardiner (reference 27).—
Matthews and Gardiner investigated the injection
characteristics of an impact pump by means of spray-
ing the fuel onto a target attached to the flywheel of
the engine. They chimed that this type of pump I
wodd give injection characteristics that were inde-
pendent of engine speed because the discharge was
controlled by the return of the pump plungw when

Z//,-

- Valve caqes

necessary b build up the pressure in the injection tube
to the valve opening pressure. They also found that
for a given valve opening presmre the injection lag
increased with an increase in discharge-ofioe area.
This is rather difbcult to explain, unless with the
larger orifices the initial discharge was not of sfi-
cient intensity to record on the paper tmgets.

bfatthews and Gardiner’s attempt to design an injec-’

—

,

$

i2i-
FIcmrEX31.—Fuelpump used by Mdtbewa

released by a cam with a radial drop. Their remdta
showed that the time of injection for a constant stroke
decreased with an increaee in the discharge-orifice
diameter. This was due to the lower end-pressure of
injection, and is in accord with the results presented
in this report. They found that the discharge interval
decreased with an increase in mdve opening pressure,
and correctly attributed it to the additional time

tion system that was independent of engine speed
is interesting. The chief dif31cuRywith the sys-
tem they suggested would lie in the pump phmger
not returning under its spring force entidy, but
being tiected by the cam follower overtraveling
the drop of the cam at the high speeds. Further-
more, the cam vrouId be subjected to severe
impact loads.

Work of Matthews (reference 28.)-31 atthews
investigated the spray characteristics of a cam-
operated variable stroke pump (@. 31) by means
of spray targets. He found that the masinmrn
injection pressures varied with pump r. p. m.
Matthews did not use a check valve at the
entrance to the injection tube, since he believed
that it would rwtrict the fuel flow. This belief
is not in accordance with the results presented in
this report. Matthews stated that any pressure
wavee caused by the initial impact of the cam
~ainat the cam foIIovrer were probably dis-
sipat~d. Actually, in Ms injection system, in
which there was an initial clearance between
the cam and the cam foIIower, there were prob-
ably prwure waves of a rather violent nature.
He noted secondary discharges and attributed
them to the bouncing of the stem. He recorded
a slight increase in injection lag with injection
valve ope~ng pressure. Llatthews correctIy
attributed discharge that took place after the
pump plunger had passed through the top center
of its stroke to the impressibility and elasticity
of the fuel. The time kg of injection that
Nlatthews obtained shows that his injection was
probably more of a wave phenomenon than a

dieplacement phenomenon. The hg (dg. 32) is
virtually independent of engine speed, varying from
0.0013 second to 0.0012 semnd for a speed range from
600 h 1,600 r. p. m. Site the time lag remained
virtuaIIy independent of engin~ speed ova the range
investigated, the start of injection at least was appar-
ently controlled by the elasticity and inertia of the
fuel and not by the rate of displacement of the pump
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plunger. Matthews attributed too many of the
characteristics that he observed h the motion of the
automatic injection vahe stem. The apparent time
interval between the start of injection and the high
rate of injection, which he based on the opening of the
injection valve, is probably due more to the pressure-
wave phenomenon such as is .oheerved in Figure 19.
As he-has stated, investigations with spray targeta
must be supplemented by additional research on the
ratea of discharge from the injection valves in order h
interpret fully the target data.

40
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Work of Hicks and Moore (reference 29),—Hicks
and Moore, by means of an oscilloscope, investigated
the spray characteristics of the same variable-stroke
fuel pump tested by Matthews. Their data, however,
are for a constant fuel quantity and not constant stroke
so that the data are difficult to interpret. They
recorded a negative injection hg (fig, 33) at speeds over
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quantity conecantat 2.5X1O+lb.luyde;valveopeningPmssure-6,CO0
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1,300 r. p, m. Matthews did not record negative Iags
even at speeds as high as l,600”r. p. m. By means of
the oscilloscope Hiclm and Moore found that the pump
cam had become irregular becauee of excessive use;
consequently, the rocker arm left the cam atvhigh
speeds, causing it to strike the pump plunger at an
earlier position than that obtained from bmring the
engine over.

COMMI!lTlll!lFOR. AERONAUTICS

Work of Joachim,-During the process of the devel-
opment of the NT.A. C. A. single-cylinder pump for usc
on the. ~. A. C. A. Universal test engine, Joachim
recorded the injection lag by means of spray targets,
The injection pump that he employed was eccentric-
operated. The injection valve has been described in
reference 25, Ee found that the injection lag increased
with the injection vaIve opening pressure (fig. 34) but ..
that at.a valve opening pressure of 2,750 lb. per sq. in.
the curve became discontinuous. At opening pres-
sures a~ove this the lag curve, whaleremaining parallel
to the original portion of the curve, was offset from it.
At the lower valve opening pressures the initial pres-
sure waves from ,$hepump were apparently sufficient
to open the injection valve, but the ma.timumintensify
of this wave was 2,750 lb. per sq. in, Consequently,

.

..

--

0 .ml .cU2 .003 “.004 .m
lnjec *ion log, second . . . “—

FIGUBES4.-Eflect of valve opening prmsureon Injectfonleg. Primp aped -
7MIr. p. m,; tube kngth44 Inahes; hsfde dlameteJ-0,125 inch; outside
dfameter.O.250 ina prknery pressure-SIOlbJsq. In.

when a higher valve opening pressure was used, the ~.
injection valve did not open until a reinforced wave
reachti-it.

.Work .of Alexander (reference 21) ,—Alexander
recorded the instantaneous pressuresin a fuel injcction
eystem”hy means of a Hopkinscn optical indicator, and “:
the motion of the injection valve stem by means of a
Cosby indicator. The pump tested is shown in Figure
35. The load control was obtained by merms of the
spiLIvalve which by-passed a portion of the fuei during
the injection. -41exander investigated the effect of ..
valve opening pressure and load on the pressimes in
the injection system, He found that- increasing the
valve opening pressureincreased the injection pressures
throughout the injection period. (Fig. 36.) This is in
accord ~~th the mathematical analysis and the exper-
imental work presented in this report,; He dec found
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that because of the compressibility of the fuel the pres- The,effect of load on the instantaneous pressureswith
sures did not reach the madmun pressure of 2,000 lb. the type of pump he employed is shown in F- 37.
per .q. in. as given in equation (2) of this report unIess It. is seen that as the Ioad deoreased, the instantaneous

the valye opening pressure exceeded this amount. pressures, after injeotion started, decreased at a more
When this was so, the pressure dropped steadily after rapid rate beoause of the fuel quantity by-passed
the injection valve opened. Alexander correctly eon- through the spill vake. The use of the spill mdve as
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eluded that the injeotion characteristics of an injection a load control is the same as the use of a variathatroke
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zation and distribution vary with the load. Conse- both types. (Fig. 38.) It is not statd how the data
quently, the type of combustion in the combustion were obtained. He states that with an open nozzle
chamber of the engine will vary with load. This when cut-off occurs the fuel Udw pr~s~e in the fue!. . .

~constitutes the chief objection to the variable-stroke “injection line continues to discharge through the dis-
infection pump. charge orifice until the pressure has reached the pres-
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FIGURE87.-ERect of IoadOLIWmtamm wmuw. Pmeure W@red ta open atmcfzer velwI-1,9XI lb.lsq. hr.

Work of Wild (reference I).—In a paper presented
before the Society of Automotive Engineers, Villd has
given a discussion of the operation of various types of
fuel injection pumps. He correctly states that the
instantaneous pressures delivered by a fuel injection
pump are less than the values obtained by equating

0 I 1-Injecfim

i

Cum’inued

r
r[oci of injeciim of

c osed nozzle. qc.en nozzle
~hje.tio n.periodo~hutisto

open nozzie 20 de~ees

FrriumW.—Com@sonofPreeenm wtth open and eked nozcka

the rate of displacement at the fuel pump to the rate
of discharge through the diecharge orifice because of
the compressibility of the fueI, but he does not con-
sider methods of correcting for the comprwsibil.ity.
He presents a comparison of open and closed nozzies
and gives data on the instwdxmeoua presmrea with

sure in the combustion chamber. This is comect, but
sirma most of the fueI under pressure will flow out
through the by-pass valve of the pump, the rata of
pressure drop wiUbe extremely rapid, as was shown ti
refe,r~ce 18, and only a small part of the fuel left. .1
under compression will continue h discharge through
the discharge otice. The case that Wild cites com-
pares b the case presented in this report where it-is
considered that there is a by-pass valve at the entrance
to the injection tube which C1OMSinstantaneously
when cut-off occurs, As has bean pointed out, this is
an extreme condition and will not occur in practice,
because the check valve does not close instantaneously.
Wild conclud= that the fuel volume under pressure
shotid be as small M possible. The present investi-
gation has shown that injection tubes for small high-
sped engines can be as long aB30 to 40 in. without
presenting any disadvantages to the injection of the
fuel, and that it is more important to employ a tube
diameter sufkiently large to insure laminar flow
through it, than it is to deorease the fueI volume under
pr~sure to a minimum. Wild has ccrmctly stated
thattie speed of the”injeotion pump materially Mecb” ““”-
the injection pressure and the atomization and dis-
peiaion of the fueI jet. He states that to compensate
for this variation it is necessary to employ injection
pressures at high speeds considerably higher than are
necessary for good atomization. This is, at best, a
compromise method that must result in the injection
chmacfaristics being correct for onIy one speed. For
constant-speed operation this will prove satisfactory,
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but for wu-iable-speed operation either a variable-
velocity-cw pump with a cxmetant time of injection,
an injection system airniIarh that described by the
author in reference 18, or a system similar to that
described by Rosen in reference 30, in which the initia~
opening of the injection valve is cam-coniiroIIed, wilI
probably prove more satisfactory. ‘Wild’s value for the
compressibility of fuel oil, O.OQO1part of the original
volume per atmosphere, gives a value of 147,000 lb.
per sq. in. for the bdlc modulus. This value is prob-
ably too low. Hersey gives a value of 284,000 lb. per
sq. in. (reference 20) chosen from the VSIUSSfor fuel
of eimilm properties, and Alezander (refamnce 21)
determined the -due experimentally to be 296,000
lb. per sq. in.

Work of Gerrish and Voss (reference S2).-Gerrish
and Voss ha~e done some preliminary work at the
Langley Memorial Aeronautical Laboratory on the
rates of fuel discharge from en automatic injection
valve. The injection valve and the fuel pump were
the same as empIoyed by Spanogle and Foster (refer-
ence 6) in their invss~~ation on the effect of multi-
oritice nozides on engine performance. The apparatus
that Gerrish and Voss employed=was similar to that
used by De Juhasz. (Reference 31.) The method
consisted of intercepting the fuel discharge from the
injection -raIre for an interval of 0.5° rotation of the
fuel pump. The results, though brief, are extremely
interesting. The start and stop of the fuel spray
from the injection valve was aIso observed with m
mc~oscope. (Reference 29.) Figure 39 shows the
tohd displacement of the pump plunger and also the
rate of displacement obtained by drawing tangents to
the total displacement curve. Figure 40 shows the

Pump dq-ees

Frmm W-Dis@ement curvesforfrfd pumpusedby CImish. Inledfon vaIva
~- PIWSUIe-3,~ lbJw. In.; PP SPeed-7E0 r. P. m; total rim O( dis-
- o~m-o.o~a a. fn.; fnhcti tnIwl diameter-o.lm irG InJmtkn tuba
IeIIfih-53 in.; by-~ vaka close9at F; by- VfiheOpWIIIat 41.tF

start and stop of injection as measured with the osciUo-
scope, the rate of discharge from the injection valve
measured with the apparatus, the rate of discharge
computed according to the Allievi theory, and the
record of the movement of the stem of the automatic
injection wdve. The curve showa that there was no
appreciable discharge untiI 10° after the start of injec-
tion. The discharge before this time, though plainly

visible with the oeoiUoscope, was barely suftlcient to
be measured. The rate of discharge increased rapidly
from 34 ta 45 pump degre=. At this point, cut-off
occurred and the dischmge dropped to a small amount,
and dwindled to zero. The motion of the injection
valve stem was recorded by the same method as shown
h Figure 6. Because of the Iight spring used in the
injection valve it was necessary to Iimit the lift of the

\
Puvp degrees

stem to 0.20 in. in order to prevent oscillations of the
stem that would open and close the injection valve
during the injection period. Ckmsequently, the record
can not be used for a pressure anaiysis. The stem
mo-rement record was not synchronized with the rate-
of-discharge data. It is seen, however, that the period
during which the injection valve remained opened
corresponds closely to the period during which them
was an appreciable discharge from the injection valve.
The afterdischarge apparently took place during the
bouncing of the stem. An expkmation of the fact that
the oscilloscope showed a discharge from the injection
-wd~ejeven though no Iift was recorded on the stem} is
found in the rate of displacement of the fuel pump and
in the instantaneous pressures computed according to
the Allievi theory. (Table IL) The primary pressure
maintained in the injection tube between injections
was 150 lb. per sq. in. There was no check valve
between the pump and the injection tube. At the
point in the phmger stroke at which the by-pass valve
closed, the plunger was moving at a velocity that was
not sticient to maintain either the injection valve
opening pressure (3,000 lb. per sq. in.) or the injeotion
valve closing pressure (1,600 lb. per sq. in.). Conse-
quently, the injection valve did not open untiI there
was sufficient pressure on the stem ta equaI the valve
opening pressure. This opening occurred between
39.4° and 40.8°, Table X. There was, however,
sufficient leakage through the injection valve before
this time so that a spray was formed which wa9 sufi-
cient to be observed by the oscilloscope but was
ecarcely sufEcient to be weighed. A comparison of tie
computed and measured rates of discharge shows a
close agreement, particularly for the time at which the
main discharge started and the time atwhich it stopped.
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TABLE X

COMPUTATION OF PRESSURES FOR RATES (IK DISCHARGE SHO}YN IN FIGURE 40
----- —

1 a a 4 a 6 7 s 9 14 11 12
— - — —

4$ d~. ‘(t) F(t-L I) =$:+ ~,& (k$y) &L ~bg ~nf Ib./aq.k. ,bJ,$’/nc ‘;;~g! ‘;;.FE” lbJ$ fIL -rSW. . .
— — . —

o 0 &o a so se.7 M9 o 150 m 160 160

.6 l.b 7.6 .10 39.7 las o ll!c MC 164 160

L o 29 aQ .10 ae.7 1s8 188 Sm w 652 6XJ 220

1.E 4.4 10.4 .10 so.7 la I&d S50 SKI MC 550 mo

20 6.8 ]La .10 39.7 lea ma a50 860 654 550 m

2.’5 7.3 m a .10 w. 7 le$ Ma S50 Slw 660 m 2QI

3.0 &7 14.7 .10 S9.7 188 138 S60 S60 660 660 Oiw MO !3bo 200

s.5 10.2 16.2 .10 a9.7 u4a 188 am 240 SRI m w 550 9W m

4.0 lL 6 17.6 .10 se.7 m 188 SW “w 650 MC 9S) Mo QE41 200

4.5 1s.1 19.1 .10 W. 7 ls$ ma S50 SW MO 6W 950 Ml 9XJ m

5.0 14.5 2a 6 .10 39.7 Ma 188 S50 Stn m MC 9Ml m w m

‘h 5 S&o 220 . Xo se.7 188 188 m S60 b50 S50 m m .950 m

ho 17.4 28.4 .10 89.7 188 183 ’350 S60 660 w 9W m WC m

3.6 la c1 24.‘a .10 ae.7 1s8 188 S50 S60 550 6KI m 560 9M m

7.0 20.a M. a .11 4s.7 2C7 188 SW S60 55U SKI 950 550 9&3 m

7.6 21.8 27.8 .15 W 5 2s2 1= m am 660 6W 950 6.!4 Rbo 200
—

&o 222 29.2 .20 70.4 S71 .201 SW SKo SW W 95C SKI 993 zoo

8.6 24.7 sa7 .29 116.2 546 282 460 4m 850 7KI 1,WI 750 L HI W3

9.0 2a.1 a2 I .89 155.0 7s4 a71 w 6(XI m 850 L2M 850 L260 S50
— .

9.5 27.6 as.6 .52 m. o w 646 m m w 1,2M I, OM 1,250 1,w 660

10.0 29.0 ab.o .70 27s.0 1,alh 7s4 UcmI em L 100 L860 2050 1,633 !&05Q 760

lab S0.6 25.5 .90 24s.0 L&w w 1,050 1,WC ~W2 1,9m & 65C 1,060 2,550 m

11.0 SL9 a7.9 L la 449.0 q 128 1,S16 1,4HI 1,450 1,m & 7m g 450 2!7bo l?860 1,200

11.5 all.4 W 4 LW &.4ao &ma 1,W5 1,S50 1,85) 2,4ca &6m ~otio 1,MO %L150

120 S4.8 40.s LOS 647.0 &oao %126 &soo ;%5W s,OW $4W ($95U 2#6m &eW

12b So.s 423 0 0 0 & 595 & 760 g 760 &m 6352 7,lW &m 4#aMl

1s.o“ 37.7 48.7 0 0 0 a,MO %200 &m 4!coo &260 &a50 $ 8S3 baoo
, —.. -

Work of Gasterstlidt (reference 33).—Gasterstidt
has published some interesting information relative
to the injection system of the Junkers-Diesel aircraft
engine. The injection system consists of four injec-
tion valves and two injection pumps. Each pump
supplies fuel to two valves. The pumps have the
same method of fuel control as that illustrated in
Figure 4. Open nozzIes are employed, and a ball-
check valve is mounted between the pump and the
short injection tubes. He has correctly stated that
the degree of atomization of the fuel spray increases
with a decrease in the size of the discharge orifice.
(Reference 17.) Theuseof short tubesis recommended,
since, according to Gastersthdt, it~auses the resistance
to flow to be small and minimizes after-dribbling,
The present investigation has shown that the resistance
to flow can be made negligible by the use of the correct
injection tube diameter, even though the injection tube
is of sufficient length to permit the mounting of the
fuel pumps in a single unit instead of mounting each
fueI pump as close to the combustion chamber as

.

—

possible, as ‘k the case in the Junkers engine. It
is possible that after-dribbling may be more marked
with long injection tubes, if the check vaIve at the
entrance to the injection tube closes instantaneously.
However, the work of the author on the common-rail
system (reference 18), has shown that even with an
injection tube 70 in. in length the drop of pressure at
the discharge orifice is extremely rapid when cukofl
occurs. In fact, the rate of pressure drop was shown
to be virtually independent of the injection tube length
for tubes from 13 in. to 70 in. in length, These results
showed that the effect of injection tube length on
after-dribbhg has been overestimated.

Gasterstiidt has measured the maximum recorded
injection pressures at the injection pump and at the
discharge orifice for various speeds and loads. His_ ._
results are shown in Figure 41, It is noticed that the
maximum injection pressures recorded at the fuel
pump vary as the 1.64 power of the engine speed at
full load and as the 1.60 power at half load. (Com-
pare with equation (2).) Consequently, m hm been
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stated before, the rate of spray penetration and the strikes the seat and causes the pressure to build up
spray atomization both vary with engine speed. and reopen ~the md~e. The cycle repeati itself” so
‘With the Junkers injection syatgn, it is aIso noted that the pressures appear as plotted in the lower half
that there is an appreciable pr-ure drcp between the of Figure 42. ~ctudly, as has been shown by the -
fueI pump and the discharge orifice. ~
This may be caused either b; pressure-
wave phenomena or by resistance to flow
in the injection tube.

Work of’ ‘Oil Engine Designer” (refer-
ence 26) .—An anonymous investigator
who signahimself ’’Oil EngineDedgner”
has presented experimental records
of the lift of an automatic injection
valve stem, together with an analysie
of the instantaneous pressure occur-

17me,secti

ring at the discharge ;i-iflce of the injection valve.
The record he obtained is shown in Figure 42. His
analysis is based on the ~umption that the compressi-
bility of the fuel is negligible. He states that as
the injection valve stem starts to rise the -rohnne of

FIGrIBE4Z.-InJectfOnv8.Ire stem record u recorded and assumedp~

q I A,, ‘11111/
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fueI around the stem is increased and the fuel pressure
drops. This continues until the stem having reached
its rnmimum lift starts toward the seat again, actuaIIy

present work, this is not the case. In the first place,
any amdysis based on the assumption that the fuel
is not compressible is fundamentally in error. In
practice the additional volume in the injection mdve
caused by the lift of the valve stem is tao small to
affect the pressure conditions. The conditions shown
in F~e 42 indicates that the stem lift of the injection
vake was not ,sufEcientIy limited and consequently
the same phenomenon occurred as is shown in Figure
10, in which the rate of pressure rise was sutllciently

gseat to cause the dve stem and spring to oscillate

at the tiee period of the system. This does not result
in the pressure at the discharge ofice dropping to zero,
unIess the size of the injection mlve stem is out of
proportion to the rest of the injection system. F~e
10 shows that the maxhmm pressure may occur at

the maximum stem lift which is contrary to the

assumed pressure diagram given by the investigator.

(l?ig. 42.) If detrimenkI oscillations of the injection

valve stem do occur, they can be eliminated by stop-

ping the stem at a lift which is less than that wtich

the injection pressures wd.1 impart to the stem, as is

the case in Figure 40.
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